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Abbreviations 


ACh 

aceetylcholine 

AChE 

acetylcholinesterase  enzyme 

ACHE 

acetylcholinesterase  gene 

AChR 

acetylcholine  receptor 

BCHE 

butyrylcholinesterase  gene 

BuChE 

butyrylchohnesterase  enzyme 

ChAT 

choline  acetyltransferase 

ChE 

cholinesterase 

CMV 

cytomegalovirus 

CNS 

central  nervous  system 

CSF 

cerebrospinal  fluid 

DFP 

diisopropylfluorophosphonate 

DIP 

diisopropylphosphoryl 

DTNB 

dithionitrobenzoate 

EAIA 

enzyme-antigen  immumoassay 

ELISA 

enzyme-linked  immunosorbant  assay 

ICV 

intracerebroventricular 

NMJ 

neuromuscular  junction 

OP 

organophosphate 

PAM 

pyridine-2-^doxime  methiodide 

PCR 

polymerase  chain  reaction 

PF 

post-fertilization 

rHAChE 

recombinant  human  AChE 

RT-PCR 

reverse  transcriptase-PCR 

SR 

sarcoplasmic  reticulum 

Amino  acid  residues  are  indicated  by  their  single-letter  code  followed  by  the  sequence  position. 
Amino  acid  replacements  are  indicated  by  the  single  letter  code  of  the  original  residue,  the  sequence 
position,  and  the  single  letter  code  of  the  new  residue.  Thus,  the  replacement  of  aspartate  at 
position  70  (D70)  by  glycine,  is  indicated  by  D70G. 
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Introduction 


Acetylcholinesterase  (AChE)  has  long  been  recognized  as  an  essential  component  of  nerve 
conduction  and  muscular  innervation.  In  a  grim  recognition  of  this,  was  the  development  of  anti¬ 
cholinesterases  (anti-ChEs)  as  warfare  nerve  agents  and  subsequently  of  pesticides.  The  search  for 
an  antidote  was  successful  in  the  development  of  pyridine-2-aldoxime  methiodide  (PAM),  but  the 
search  for  prophylactic  agents  has  been  more  problematical.  One  approach  has  been  to  reversibly 
block  AChE  before  exposure  to  the  nerve  agent  in  order  to  compete  with  and  thus  prevent  the 
irreversible  inactivation  of  the  enzyme.  Pyridostigmine  was  used  for  this  purpose  during  the  1991 
Gulf  War.  Another  more  ambitious  but  not  yet  developed  a.pproach  has  been  to  produce  alternative 
targets  for  the  nerve  agent  that  might  be  injected  into  an  individual  at  risk.  The  first  such  alternative 
to  be  proposed  as  protection  of  the  individual's  AChE  was  exogenous  human  AChE,  to  be 
produced  by  recombinant  molecular  biological  techniques.  Later  it  was  found  that  human 
butyrylchohnesterase  (BuChE  )  was  a  more  effective  alternative  target,  and  that,  indeed,  it  serves 
normally,  as  such  a  decoy  target  for  anti-ChEs  of  the  natural  environment. 

There  is  a  fine  balance  of  acetylcholine  (ACh)  production,  presynaptic  release  upon  neural 
stimulation,  binding  to  and  activating  the  acetylcholine  receptor  (AChR)  and  termination  of  action 
by  hydrolysis  of  A&.  The  shift  of  this  balance  in  disease  states  (e.g.  autoimmunity  to  the  AChR  in 
myasthenia  gravis)  or  due  to  poisoning  (e.g.  OP  or  carbamate  pesticide  intoxication)  clearly  has 
severe  consequences.  There  is  also  the  potential  for  severe  consequences  should  the  balance  of 
ACh  production  and  destruction  be  altered  by  an  exogenous  ChE,  and  we  have  been  evaluating  this 
possibility  by  several  means,  chiefly  by  introducing  a  human  ChE  gene  into  an  animal.  Selection  of 
a  transgenic  animal  model  is  constrained  by  the  availability  of  technology  and  by  experience.  We 
have  used  the  Xenopus  laevis  tadpole  because  of  our  experience  with  Xenopus  oocytes,  the  short 
time  for  expression  of  a  gene,  cost  and  the  ethical  imperative  to  work  with  a  species  as 
phylogenetically  remote  as  possible  from  the  human.  We  find  that  alternative  forms  of  human 
AChE  affect  the  development  of  the  neuromuscular  junction  (NMJ)  and  its  ultrastmcture 
differently,  and  that  the  nature  of  the  mRNA  splicing  determines  tissue  targeting.  Because  of  the 
limitations  inherent  in  using  a  non-mammalian  model,  we  have  also  used  the  mouse,  the  mammal  in 
which  there  is  the  most  experience  in  introducing  human  genes.  We  have  used  the  mouse  to 
observe  the  effect  on  body  temperature  regulation  of  anti-ChEs,  and  the  protection  afforded  by  the 
human  transgene  expressed  in  the  mouse's  CNS.  We  find,  also,  that  in  this  transgenic  mouse,  the 
imbalance  of  ACh  production  and  destmction  results  in  a  progressive  loss  of  cognitive  function. 

Parallel  with  these  studies  on  transgenic  animals,  we  have  been  studying  the  chemistry  of  the 
interaction  of  anti-ChEs  with  human  AChE  and  BuChE  and  also  with  the  major  natural  variant  of 
human  BuChE,  especially  as  this  BuChE,  the  "atypical"  variant,  appears  to  offer  much  less 
protection  against  anti-ChEs  than  normal  BuChE.  We  also  evaluated  the  action  of  a  reactive  ACh 
analog  in  rat  brain,  in  order  to  gain  some  appreciation  of  the  relative  vulnerabilities  of  AChE  and 
BuChE  and  the  dynamics  of  the  brain's  recovery  from  an  anti-ChE.  That  effort  also  gave  us  our 
first  experience  with  differential  display  PCR,  which  we  continue  to  exploit. 

We  continue  our  efforts  to  understand  the  biological  roles  of  BuChE  and  its  functional  interaction 
with  AChE,  and  to  exploit  this  knowledge  to  develop  more  effective  prophylaxis  against  warfare 
nerve  agents. 
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1.  Transgenic  Xenopus  tadpole 

Formation  of  a  functional  NMJ  requires  the  targeted  deposition  of  synaptic  proteins  at  the  nerve- 
muscle  interface  (Froehner,  1991;  Ohlendieck  et  al,  1991;  Flucher  and  Daniels,  1989).  Among 
these  proteins  is  AChE.  In  the  developing  Xenopus  embryo,  muscle  differentiation,  primitive 
neuromuscular  contacts,  and  spontaneous  synaptic  activity  are  observed  within  1  day  post¬ 
fertilization  (PF)  (Kullberg  et  al,  1977).  During  the  ensuing  24  h,  ultrastmctural  speciahzations 
characterizing  synaptic  differentiation  are  observed,  followed  by  the  acquisition  of  spontaneous 
motor  activity  and  hatching  (Cohen,  1980).  Fervent  embryonic  development  and  ultrastmctural 
maturation  of  the  neuromuscular  system  continue,  giving  rise  to  a  free  swimming  tadpole  within  4- 
5  days.  From  day  2  PF,  a  steady  increase  in  AChE  activity  is  observed  (Gindi  and  Knowland, 
1979),  concomitant  with  a  developmentally  regulated  decrease  in  the  time  course  of  the  synaptic 
potential  in  Xenopus  myotomes  (Kullberg  et  al,  1980).  We  have  cloned  a  DNA  sequence 
encoding  human  AChE  and  used  it  to  express  catalytically  active  AChE  in  microinjected  Xenopus 
oocytes  (Soreq  et  al,  1990)  and  cultured  human  cells  (Velan  et  al,  1991a).  Here,  we  present  a 
biochemical  and  histochemical  characterization  of  this  recombinant  human  AChE  (rHAChE) 
expressed  in  Xenopus.  We  have  demonstrated  the  persistence  of  overexpressed  enzyme  in  NMJs  to 
at  least  day  3  of  embryonic  development  and  offer  evidence  indicating  subtle  alterations  in  the 
ultrastmcture  of  NMJs  from  embryos  overexpressing  ACHE.  Our  findings  indicate  the  assignment 
of  catalytically  active  monomeric  AChE  to  subcellular  compartments  common  to  those  occupied  by 
native,  multimeric  Xenopus  AChE  . 

Xc«opM5-expressed  AChE  is  biochemically  indistinguishable  from  native  human  AChE 
Microinjected  into  mature  oocytes,  5  ng  in  virro-transcribed  AChEmRNA  directed  the  production 
of  catalytically  active  AChE  displaying  substrate  and  inhibitor  interactions  characteristic  of  the 
human  enzyme  (Fig.  1  A,  B).  The  apparent  Km  calculated  for  rAChE  towards  acetylthiocholine  was 
0.3  mM,  essentially  identical  to  that  displayed  by  AChE  expressed  in  cell  lines  (Velan  et  al, 
1991b)  and  native  human  erythrocyte  AChE.  In  sucrose  density  centrifugation  AChE  sedimented 
primarily  as  monomers  and  dimers,  although  a  discernible  peak  apparently  representing  globular 
tetrameiic  AChE  was  also  observed  (Fig.  1C).  When  plasmid  DNA  carrying  ACHEcDNA 
downstream  of  CMVACHE  (Velan  et  al,  1991b)  was  microinjected  into  oocytes,  active  AChE  in 
yields  10-20  fold  higher  than  that  observed  following  RNA  injections  was  obtained  (Fig.  ID), 
demonstrating  efficient  transcription  from  this  promoter  in  Xenopus. 

Transient  expression  of  CMVACHE  in  Xenopus  embryos  Microinjected  into  cleaving 
embryos,  CMVACHE  directed  the  biosynthesis  of  AChE  at  levels  similar  to  those  observed  in 
DNA-injected  oocytes,  yet,  the  gross  morphology  and  development  of  injected  embryos  appeared 
normal  (Fig.  2).  Moreover,  gross  motor  function  of  microinjected  embryos  was  unimpaired. 
Microinjected  tadpoles  survived  up  to  4  weeks,  showing  no  overt  developmental  handicaps. 
Following  overnight  incubation,  at  which  time  embryos  had  reached  the  late  gastrula  stage, 
endogenous  AChE  levels  were  negligible  and  activity  represented  a  50-  to  100-fold  excess  over 
normal  (Fig.  3A).  From  day  2  PF,  endogenous  AChE  activities  increased  steadily.  Using  the 
irreversible  AChE  inhibitor  echothiophate  (Neville  et  al,  1992)  to  distinguish  between  endogenous 
frog  AChE  and  human  AChE  (Fig.  3A,  inset),  we  observed  the  persistence  of  receding  levels  of 
human  AChE  for  at  least  4  days  PF.  For  the  first  3  days,  human  AChE  accounted  for  >50%  of  the 
total  measured  activity  in  microinjected  embryos  and  resulted  in  a  state  of  general  overexpression. 
In  immunoblot  analysis,  human  AChE  was  observed  to  comigrate  with  native  human  brain  AChE, 
yielding  a  clearly  visible  doublet  band  at  around  68  kD  (Fig.  3B).  The  doublet  may  reflect 
differences  in  glycosylation  (Kronman  et  al,  1992). 
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Human  AChE  remains  monomeric  in  Xenopus  embryos  To  examine  the  possibility  that 
heterologous  human  AChE  undergoes  homomeric  oligomeric  assembly  or  interacts  with  either 
catalytic  or  non-catalytic  subunits  of  Xenopus  AChE  to  produce  hybrid  oligomers,  sucrose  density 
centrifugation  and  EAIA  were  performed.  At  all  time  points  examined,  we  observed  human  AChE 
exclusively  as  non-assembled  monomers  sedimenting  at  approximately  3.2  S,  despite  the 
concomitant  accumulation  of  various  multimeric  forms  of  the  endogenous  frog  enzyme  (Fig.  4). 
When  oligomeric  AChE  purified  from  CMVACHE-transfected  cell  cultures  (Velan  et  al,  1991a)  or 
from  human  brain  (Liao  etal,  1992)  was  preincubated  with  extracts  of  day  3  uninjected  enibryos 
and  similarly  analyzed,  monomers,  dimers,  and  tetramers  were  detected,  and  the  distribution  of 
oligomeric  forms  observed  was  identical  to  controls  (data  not  shown). 

Subcellular  disposition  of  human  AChE  in  myotomes  of  CMVACHE-injected 
embryos  Whole  mount  cytochemical  staining  of  CMVACHE-injected  embryos  indicated 
accumulation  of  AChE  in  myotomes  2  days  PF  (not  shown).  We  therefore  undertook  an 
ultrastmctural  analysis.  Longitudinal  and  transverse  sections  from  rostral  trunk  somites  revealed 
clearly  discernible  myofibers  2  days  PF  in  both  injected  and  uninjected  embryos  (Fig.  5).  By  day  3 
PF,  both  groups  displayed  significant  increases  in  their  numbers  of  myofibrillar  elements  and  in 
maturation  of  the  sarcoplasmic  reticulum  (SR;  Fig.  6).  To  examine  the  subcellular  localization  of 
nascent  AChE  in  transgenic  and  control  embryos  we  employed  cytochemical  activity  staining 
(Kamovsky,  1964).  Crystalline  deposits  were  observed  primarily  in  association  with  myofibrils, 
amidst  the  myofilaments  and  within  the  SR  (Figs.  5  and  6).  Various  org^elles,  including  the 
nuclear  membrane,  free  and  bound  polyribosomes,  Golgi,  and  sometimes  mitochondria  were  also 
observed  to  be  stained  (Figs.  5  and  6  and  data  not  shown).  At  day  2  PF,  staining  in  CMVACIffi- 
injected  embryos  was  more  pronounced,  both  in  the  quantity  and  intensity  of  reaction  product  (Fig. 
5).  However,  variability  was  observed  between  tissue  blocks,  probably  reflecting  mosaic 
expression  of  the  injected  DNA  and/or  variability  in  the  efficiency  of  expression  between  embryos. 
Staining  appeared  to  be  concentrated  at  the  I  band  of  myofibers,  particularly  around  the  triad 
marking  the  intersection  of  the  SR  and  T-tubule  systems.  Cross  sections  revealed  especially 
prominent  staining  within  the  SR  (Fig.  6A,B).  Strong  staining  was  now  observed  at  both  the  A  and 
I  bands,  and  for  the  first  time,  within  the  T-tubules  (Fig.  6C,D).  Overall,  day  2  CMVACHE- 
injected  myotomes  resembled  day  3  uninjected  control  myotomes  in  staining  incidence  and  intensity 
(Figs.  5A,C  and  6B,D). 

Ultrastructural  consequences  of  overexpressed  AChE  in  Xenopus  NMJs  To 

examine  the  persistence  of  overexpression  and  its  implications  for  synaptic  ultrastructure,  we 
studied  both  cytochemically  stained  and  closely  appositioned  unstained  NMJs  from  3  day  old 
injected  embryos  (Fig.  7  and  Table  2).  Seventy-two  percent  of  the  post-synaptic  membrane  length 
(SL/PSL,  Table  2)  was  stained,  on  average,  for  active  AChE.  Moreover,  the  total  area  covered  by 
reaction  product  was  approximately  4-fold  greater  than  controls  in  NMJs  from  CMVACHE-injected 
embryos  (SA,  Table  2).  In  addition,  the  staining  observed  in  NMJs  from  injected  embryos  was 
considerably  more  intense,  forming  large  black  accumulations  of  reaction  product  (Fig.  7A-B,D- 
E).  Ultrastructural  features  of  NMJs  from  injected  embryos  were  best  discerned  in  unstained 
synapses.  NMJs  from  CMVACHE-injected  embryos  displayed  more  secondary  folds  and  discrete 
contacts  between  pre-  and  post-synaptic  membranes  (Fig.  7F).  Furthermore,  the  average  post- 
synaptic  membrane  length  in  NMJs  from  CMVACHE-injected  embryos  was  30%  larger  and 
considerably  less  variable  (SL,  Table  2),  yet,  the  distance  across  the  synaptic  cleft  was  both  larger 
and  more  variable.  NMJs  overexpressing  human  AChE  thus  appeared  more  developed  in  their 
structural  buildup. 

Despite  their  lack  of  MyoD  elements,  some  constructs  carrying  the  CMV  promoter  were  shown  to 
be  expressed  in  myotomes  of  transgenic  mouse  embryos  (Kothary  et  al,  1991).  Therefore,  the 
characteristic  subcellular  segregation  of  overexpressed  human  AChE  in  muscle  may  reflect  either 
tissue-specific  biosynthesis  or  post-translational  processing  of  nascent  enzyme  present  in  myotomal 
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progenitor  cells  at  the  onset  of  myogenesis.  The  high  levels  of  human  AChE  present  in  gastrula 
stage  embryos  may  argue  for  the  latter  possibility.  In  that  case,  the  cytochemical  data  indicate  the 
existence  of  an  intrinsic,  evolutionarily  conserved  property  directing  the  subcellular  trafficking  of 
AChE  in  muscle,  and  thus  explain  the  accumulation  of  human  AChE  in  NMJs  of  ACHEDNA- 
injected  embryos.  Furthermore,  these  results  may  imply  that  cotranslational  processes  are  not 
required  for  the  correct  compartmentalization  of  AChE  in  muscle  cells. 

The  general  state  of  myotomal  overexpression  induced  by  microinjection  of  CMVACHE  persisted 
at  least  3  days.  The  area  covered  by  reaction  product  in  cytochemically  stained  NMJs  from  day  3, 
CMVACHE-injected  embryos  was  4-5  fold  greater  than  that  observed  in  controls.  The  apparent 
reduction  in  the  level  of  synaptic  overexpression  from  day  2  to  day  3  PF  may  reflect  the  overall 
decline  in  total  human  AChE  activity.  However,  since  this  calculation  does  not  consider  the  higher 
density  staining  observed  in  NMJs  from  CMVACHE-injected  embryos,  it  represents  an 
underestimate  of  the  actual  synaptic  AChE  content.  Therefore,  our  data  indicate  enhanced  stability 
of  human  AChE  at  the  NMJ  compared  to  the  total  pool,  a  conclusion  consistent  with  the 
observation  that  extracellular  matrix-associated  AChE  persists  in  situ  long  after  denervation  of 
adult  frog  skeletal  muscle  (Anglister  and  McMahan,  1985). 
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Table  I.  Subcellular  fractionation  of  rHAChE  Table  2.  Overexpression  of  AChE  in  NMJs  of  3-day 
in  CMVACHE-injected  Xenopus  embryos^  old  CMVACHE-injectied  Xenopus  embryos 


rH 


fraction 

day  1 

day  2 

day  3 

Fr  (day  3) 

LSS 

57±2 

60±4 

53±3 

36+5 

DS 

37±2 

34±4 

36±3 

31±4 

HSS 

6±2 

5±1 

10±1 

33+7 

^Fertilized  Xenopus  eggs  were  microinjected  with  1  ng  of 
CMVACHEDNA,  cultured  for  1-3  days,  and  subjected  to  homo¬ 
genization  and  subcellular  frctionation.  rHAChE  in  each  fraction 
(rH)  was  detected  by  enzyme-antigen  immunoassay  (Liao  et  al, 
1992)  using  a  specific  mAb  raised  against  bovine  brain  AChE. 
Endogenous  AChE  activity  in  uninjected  tadpoles  (Fr)  was  deter¬ 
mined  by  the  standard  colorimetric  assay.  Percent  enzyme  activity 
in  each  fraction  (average  SEM)  is  shown  for  3  to  5  groups  of  3 
embryos  from  a  single  microinjection  experiment.  LS,  low  salt- 
soluble;  DS,  detergemt-soluble;  HSS,  high  salt-soluble. 


FIG.  1.  Xenopus  oocytes  express  catalytically  active  rHAChE.  A: 
Inhibition  by  excess  substrate.  Mature  Xenopus  oocytes  were 
injected  with  5  ng  of  in  vitro-tran scribed  AChE  mRNA  (Soreq  et 
a!.,  1990)  and  incubated  overnight  at  17°C.  Homogenates  corre¬ 
sponding  to  one-third  oocyte  were  assayed  for  AChE  activity  in 
the  presence  of  various  concentrations  of  acetylthiocholine 
(ASCh)  substrate  [average  of  three  experiments  ±  SEM  (bars)]. 
B:  Sensitivity  to  selective  inhibitors.  Oocyte  homogenates  were 
preincubated  for  30  min  in  assay  buffer  containing  the  AChE-spe- 
cific,  reversible  inhibitor  1 ,5-bis(4-allyldimethylammoniumphenyl)- 
pentan-3-one  dibromide  [BW284C51  (BW)]  or  the  butyrylcholin- 
esterase-speciflc  inhibitor  tetraisopropylpyrophosphoramide  (lO) 
at  the  indicated  concentrations  and  assayed  for  remaining  activity 
following  addition  of  2  mM  ASCh.  Data  are  averages  of  duplicate 
assays  from  two  independent  microinjection  experiments.  AChE 
extracted  from  human  erythrocytes  (hEr)  served  as  control.  rH, 
rHAChE.  C;  Oligomeric  assembly.  Homogenates  from  ACHE 
mRNA-injected  oocytes  were  subjected  to  sucrose  density  cen¬ 
trifugation  as  described  in  Materials  and  Methods.  Data  are  aver¬ 
ages  of  three  experiments.  Note  that  in  addition  to  the  free  mono¬ 
mer  (3.2S;  G1),  the  oocyte  appears  to  generate  dimers  (5.6S;  G2) 
and  to  a  lesser  extent  tetramers  (1 0.2S;  G4)  of  human  AChE. 
Endogenous  oocyte  AChE  activity  is  undetectable  under  these 
conditions.  The  arrow  marks  the  position  of  bovine  liver  catalase 
(1 1 .43).  D:  Expression  of  ACHE  DNA  in  Xenopus.  Oocytes  were 
injected  with  5  ng  of  synthetic  ACHE  mRNA  or  CMVACHE  (Velan 
et  al.,  1 991a)  and  incubated  for  1  (RNA)  to  3  (DNA)  days.  Oocytes 
injected  with  incubation  medium  (BRT)  or  uninjected  oocytes 
served  as  control.  Activity  is  expressed  as  micromoles  of  sub¬ 
strate  hydrolyzed  per  hour  per  oocyte,  in  mean  ±  SEM  (bars) 
values  for  three  independent  microinjection  experiments. 


Experiment 

PSL  (pm) 

SL  (pm) 

SL/PL  ratio 

SA  (pm^) 

uninjected 

2.57 

0.79 

0.004 

0.156 

3.95 

0.79 

0.20 

0.126 

1.54 

0.80 

0.06 

0.080 

2.35 

0.73 

0.31 

0.082 

1.17 

0.44 

0.085 

0.0-63 

1.60 

0.29 

0.18 

0.056 

1.02 

0.29 

0.28 

0.040 

0.88 

0.58 

0.65 

0.075 

average  ±  SD 

1.88  +  0.93 

0.5810.22 

0.2210.19 

0.084  +  0.038 

-h  CMVACHE 

1.76 

1.17 

0.66 

0.284 

2.50 

2.05 

0.82 

0.331 

2.64 

1.91 

0.72 

0.285 

2.50 

2.40 

0.96 

0.476 

3.50 

2.03 

0.58 

0.396 

1.85 

1.66 

0.90 

0.333 

3.10 

1.85 

0.60 

0.535 

3.23 

1.76 

0.54 

0.289 

average  ±  SD 

2.64  +  0.58 

1.85  ±0.33 

0.72  +  0.15 

0.3710.09 

P 

<0.01 

<0.002 

<0.002 

<0.002 

Eight  representative  synapses  from  CMVACHE-injected  or  control  uninjeted  embryos 
were  assessed  for  postsynaptic  membrane  length  (PSL),  the  sum  total  length  covered 
by  reaction  product  (SL),  the  fraction  of  nerve-muscle  contact  distance  displaying 
reaction  product  (SL/PSL),  and  the  total  stained  area  (SA).  Average  ±  SD  values  are 
given.  Measurements  were  performed  on  electron  micrographs  using  a  hand-held 
mapping  device. 
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1.5  hrs. 

Post-Fertilization 


Overnight 

Incubation 


FIG.  2.  Normal  development  of  CMVACHE-Injected  embryos.  A 
schematic  representation  of  a  microinjection  experiment  depict¬ 
ing  the  principal  developmental  stages  and  analytical  approaches 
used  in  this  work  is  shown  together  with  photographs  displaying 
the  normal  gross  development  of  unstained  microinjected  em¬ 
bryos  (-I-)  compared  with  control  uninjected  embryos  (-)  3  days 
PF. 


Fraction  No. 


Post  Fertilization  Day 

FIG.  3,  CMVACHE-injected  Xenopus  embryos  express  and 
maintain  biochemically  distinct  heterologous  human  AChE  for  at 
least  4  days.  A:  Overexpression  of  rHAChE  in  developing  em¬ 
bryos.  High-salt/detergent  extracts  of  CMVACHE-injected  and 
uninjected  embryos  were  prepared  and  assayed  for  AChE  activity 
in  the  presence  and  absence  of  the  selective  inhibitor  echothio- 
phate  (3.3  x  10"^  M;  inset).  Endogenous  AChE  activity  was  cal¬ 
culated  according  to  an  algorithm  assuming  90%  inhibition  of 
rHAChE  and  20%  inhibition  of  frog  AChE  at  this  concentration  of 
inhibitor.  The  bar  graph  represents  the  total  AChE  activity  mea¬ 
sured  per  microinjected  embryo  at  various  time  points  following 
microinjection  and  the  calculated  activities  attributable  to  rHAChE 
(dark  shading)  and  endogenous  frog  AChE  (light  shading).  The 
total  AChE  activity  measured  in  uninjected  control  embryos  at  the 
same  time  points  is  indicated  by  open  circles.  Data  represent 
average  ±  SEM  (bars)  values  from  four  to  six  embryos  from  the 
indicated  number  (N)  of  independent  microinjection  experiments. 
Inset:  Selective  inhibition  of  rHAChE  by  echothiophate.  Homoge¬ 
nates  representing  endogenous  frog  (Fr)  or  recombinant  human 
(rH)  AChE  were  assayed  for  activity  following  a  40-min  preincuba¬ 
tion  with  the  indicated  concentrations  of  echothiophate.  Data  are 
averages  of  three  experiments.  B:  Immunochemical  discrimina¬ 
tion  between  rHAChE  and  embryonic  Xenopus  AChE.  Affinity- 
purified  AChE  from  CMVACHE-injected  Xenopus  embryos  (rH), 
control  uninjected  embryos  (Fr),  human  brain  (hBr),  and  erythro¬ 
cytes  (hEr)  was  subjected  to  denaturing  gel  electrophoresis  and 
protein  blot  analysis  as  described  in  Materials  and  Methods.  Each 
lane  represents  ~20  ng  of  protein,  except  rH,  which  contained 
only  6  ng.  Note  the  complete  absence  of  immunoreactivity  with 
embryonic  Xenopus  AChE,  although  silver  staining  of  a  parallel 
gel  demonstrated  detectable  protein  at  the  corresponding  posi¬ 
tion  (data  not  shown).  The  faint  upper  bands  (1 40-1 60  kDa)  in  the 
lanes  displaying  native  human  AChEs  represent  dimeric  forms 
resulting  from  incomplete  reduction  of  the  intersubunit  disulfide 
bonds  (see  Liao  et  al.,  1992). 


FIG.  4.  rHAChE  in  microinjected  Xenopus  embryos  remains 
monomeric.  High-salt/detergent  extracts  representing  two  em¬ 
bryos  were  subjected  to  sucrose  density  centrifugation  as  de¬ 
scribed  in  Materials  and  Methods,  Shown  are  total  AChE  (solid 
line)  and  immunoreactive  rHAChE  (dotted  line)  from  CMVACHE- 
injected  embryos  1-4  days  PF.  rHAChE  appeared  exclusively  as 
a  peak  representing  monomeric  AChE  (~3.2S)  at  ail  time  points. 
The  arrow  marks  the  position  of  bovine  liver  catalase  (11. 4S). 
Insets:  AChE  molecular  forms  in  control  uninjected  embryos 
scaled  to  the  total  activity  levels  observed  in  DNA-injected  em¬ 
bryos  (see  Fig.  2).  Peak  analysis  demonstrated  that  the  distribu-i, 
tion  of  oligomeric  forms  was  identical  to  that  observed  in^i 
CMVACHE-injected  embryos.  Note  that  monomeric  AChE  is  es-’ 
sentiaily  undetectable  in  control  embryos.  G1,  G2,  and  G4  indi¬ 
cate  the  expected  positions  of  the  globular  monomer,  dimer,  and 
tetramer  in  the  gradient;  A8  and  12  indicate  the  positions  of 
“tailed”  asymmetric  forms.  Fraction  0  represents  the  top  of  the 
gradient. 
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FIG.  6.  Overexpression  of  AChE  in  myotomes  of  CMVACHE-Injected  embryos  persists  to  day  3.  Analyses  were  as  in  Fig.  5  except  that 
embryos  were  analyzed  after  incubation  for  3  days.  Note  the  developmental  increases  in  myotomal  AChE  in  both  control  uninjected  (A  and 
C)  and  CMVACHE-injected  sections  (B  and  D),  especially  within  the  sarcoplasmic  reticulum  (Sr)  and  T-tubules  (T).  Bar  =  0.5  fim. 


FIG  5  Disposition  of  rHAChE  in  myotomes  from  2-day-old  microinjected  Xenopus  embryos.  Fertilized  Xenopus  eggs  were  microinjected 
with  1  ng  of  CMVACHE,  incubated  for  2  days  at  1 7°C,  fixed,  stained,  and  prepared  for  electron  microscopy  as  described  in  Materials  and 
Methods.  Uninjected  embryos  from  the  same  fertilization  served  as  controls  and  were  similarly  treated.  Arrows  mark  accumulations  of 
reaction  product  indicating  sites  of  catalytically  active  AChE.  A:  Uninjected  control  myotome  In  longitudinal  section  following  activity 
staining  for  AChE.  B:  Myotome  section  from  CMVACHE-injected  embryo.  C:  Uninjected  control  myotome  in  transverse  section.  D: 
Transverse  section  from  CMVACHE-injected  embryo.  Note  the  increased  intensity  of  staining  In  sections  from  injected  embryos  versus 
uninjected  controls  within  the  same  subcellular  compartments,  especially  within  the  sarcoplasmic  reticulum  (Sr).  A,  A  band;  I,  I  band;  Z,  Z 
disc;  Tr,  triad;  T,  T  tubules;  G,  glycogen  particles.  Bar  =  0.5  /^m. 


FIG.  7.  Structural  features  in  NMJs  of  3-clay-old  CMVACHE-injected  Xenopus  embryos  overexpressing  AChE.  Xenopus  embryos  were 
cultured  for  3  days,  fixed,  stained  for  AChE  catalytic  activity,  and  examined  by  transmission  electron  microscopy  as  described  In  Materials 
and  Methods.  Two  cytochemically  stained  synapses  are  presented  from  uninjected  control  (A  and  B)  and  CMVACHE-injected  (D  and  E) 
embryos.  Note  the  particularly  high-density  staining  in  areas  directly  opposite  nerve  terminal  zones  enriched  in  presynaptic  neurotransmit¬ 
ter  vesicles  (v).  C  and  F:  Representative  unstained  NMJs  from  a  control  and  a  CMVACHE-injected  embryo,  respectively.  The  synapse 
shown  In  B  represents  the  highest  degree  of  staining  observed  in  a  control  section,  mf,  myofibril.  Arrows  Indicate  postsynaptic  folds. 
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2.  Transgenic  mouse 

Low  level  AChE  overexpression  is  compatible  with  life  The  exceedingly  low  success 
rates  that  we  found  for  obtaining  viable  AChE-transgenic  mice  suggests  that  AChE  overexpression 
was  compatible  with  life  only  at  low  levels.  Seven  generations  of  transgenic  mice  were  raised,  all 
of  which  presented  grossly  normal  development,  activity  and  behavior. 

Transgenic  human  ACHE  expression  is  limited  to  CNS  neurons  Reverse  transcription 
and  quantitative  PCR  amplification  (Beeri  et  al,  1994)  revealed  both  human  and  mouse 
ACHEmRNA  transcripts  in  brain  regions  of  the  homozygous  transgenic  mice  as  is  demonstrated  in 
Fig.  lA.  Bone  marrow  and  adrenal  glands  displayed  only  mouse  ACHEmRNAs,  with  apparently 
unmodified  concentrations  of  the  principal  alternative  products.  The  transgene  was  not  expressed  in 
muscle.  To  associate  human  ACHEmRNA  transcripts  with  specific  brain  cell  types,  we  performed 
in  situ  hybridization  experiments.  Cholinoceptive  hippocampal  neurons  were  intensively  labeled, 
especially  in  the  CA1-CA2  region  (Fig.  IB).  Thus,  expression  of  the  transgene  was  apparently 
confined  to  host  CNS  neurons  that  normally  express  the  mouse  ACHE  gene. 

Normally  processed  transgenic  AChE  accumulates  in  cholinergic  brain  regions 

AChE  from  the  brain  demonstrated  unmodified  assembly  into  multimeiic  enzyme  forms  (Fig.  1C). 
Up  to  50%  of  the  active  enzyme  in  basal  forebrain  (Fig.  1C),  but  none  in  bone  marrow  (Table  I), 
interacted  with  monoclonal  antibodies  specific  to  human  AChE  (Seidman  et  al.,  1995).  Catalytic 
activity  measurements  in  tissue  homogenates  revealed  a  100%  increase  over  control  in  the 
detergent-extractable  amphiphilic  AChE  fraction  from  basal  forebrain  and  more  limited  increments 
in  cortex,  brainstem,  cerebellum  and  spinal  cord  extracts  (Table  I).  There  were  no  age-dependent 
changes  in  this  pattern  and  no  differences  in  the  cell  type  composition  of  bone  marrow  of  transgenic 
as  compared  with  control  mice.  Intensified  cytochemical  staining  of  AChE  activity  was  observed  in 
brain  sections  from  transgenic  mice  in  all  of  the  areas  that  stain  for  AChE  activity  in  normal  mice 
(Kitt  et  al,  1994),  particularly  in  the  neo-striatum  and  paUidum  (Fig.  2A)  as  well  as  in 
hippocampus  (Fig.  2B),  the  latter  two  areas  associated  with  learning  and  memory  (Eichenbaum  et 
al,  1990;  Yu  et  al,  1989).  Moreover,  there  were  more  conspicuous  depositions  of  the  electron- 
dense  product  of  AChE  cytochemical  staining  within  synapse-forming  dendrites  in  the  anterior 
hypothalamus  from  transgenic  mice  than  in  control  brain  sections  (Table  II).  However,  synapses 
interacting  with  these  stained  dendrites  were  of  similar  length  in  transgenic  mice  and  in  controls 
(Table  II),  demonstrating  that  unlike  Xenopus  laevis  NMJs  (Shapira  et  al,  1994;  Seidman  et  al, 
1995)  AChE  overexpression  in  the  mouse  brain  did  not  modify  the  post-synaptic  length  of  at  least 
part  of  the  cholinergic  synapses.  In  addition,  there  was  no  sign  for  neurofibrillary  tangles  or 
amyloid  plaques  in  the  analyzed  brain  sections  from  mice  up  to  6  months  of  age. 

Transgenic  AChE  selectively  alters  hypothermic  drug  responses  In  search  for  the 
physiological  involvement  of  transgenic  AChE,  and  since  cholinergic  synapses  in  the  anterior 
hypothalamus,  where  we  noted  ACfe  overexpression,  are  involved  in  thermoregulation  (Simpson 
et  al,  1994),  we  examined  hypothermic  responses  of  these  transgenic  mice  to  the  OP  AChE 
inhibitor  paraoxon,  the  toxic  metabolite  of  the  insecticide  parathion.  Both  young  and  adult 
transgenic  mice  were  more  resistant  to  paraoxon-induced  hypothermia  than  controls  (Fig.  3 A,  B). 
The  transgenic  mice  were  almost  totally  resistant  to  a  low  paraoxon  dose  (Fig.  3A).  With  higher 
doses,  they  displayed  limited  reduction  in  body  temperature  and  shorter  duration  of  response  as 
compared  with  controls.  Most  importantly,  transgenic  mice  exposed  to  1  mg/kg  dose  of  paraoxon 
(Fig.  3B)  retained  apparently  normal  physical  activity,  while  control  mice  experienced  under  this 
dose  myoclonia  and  muscle  stiffening,  symptoms  characteristic  of  cholinergic  overstimulation. 

Transgenic  AChE  induces  age-dependent  decline  in  spatial  learning  capacity  To 

examine  their  cognitive  functioning,  transgenic  and  control  mice  were  subjected  to  several 
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behavioral  tests.  When  compared  to  sex-matched  groups  of  non-transgenic  control  mice  at  the  age 
of  1,  2-3  and  5-7  months,  the  AChE-transgenic  mice  retained  normal  locomotor  and  explorative 
behavior,  covering  the  same  space  and  distance  in  an  open  field  as  their  control  counterparts.  At  the 
same  time  the  open  field  anxiety  of  these  mice  remained  unchanged,  as  evaluated  in  the  frequency 
of  defecation  incidents  and  grooming  behavior  (Table  III).  In  contrast,  conspicuous  behavioral 
differences  were  observed  in  these  mice  in  two  versions  of  the  Morris  water  maze  (Morris  et  al, 
1981).  A  different,  age-independent  defect  was  observed  in  the  visible  platform  version  of  the 
Morris  water  maze,  in  which  mice  are  trained  to  escape  the  swimming  task  by  using  short-distance 
cues  to  climb  on  a  visible  platform  decorated  by  a  flag  and  a  paper  cone  (Morris  et  al,  1981).  The 
transgenics  could  not  improve  their  performance  in  this  test  through  training,  regardless  of  their  age 
(Table  HI).  In  either  case,  the  early  occurrence  of  this  defect  at  the  age  of  4  weeks,  when  the  hidden 
platform  test  was  still  correctly  performed  by  these  transgenic  mice,  demonstrates  that  the  defects  in 
the  visual  and  the  hidden  platform  test  were  unrelated. 

The  limited  neuronal  expression  and  the  low  copy  number  of  the  ACHE  transgene  ensured  that  it 
could  cause  only  subtle  cholinergic  imbalance.  Thanks  to  the  extremely  high  homology  between  the 
human  and  the  mouse  enzymes,  the  transgenic  protein  was  processed  and  assembled  normally.  It 
therefore  accumulated  in  il  of  the  relevant  sites,  with  its  highest  excess  levels  found  in  basal 
forebrain. 

The  resistance  of  these  mice  bearing  the  human  ACHE  gene  to  the  induction  of  hypothermia  by 
different  agents  demonstrated  modified  functioning  of  cholinergic  synapses  overexpressing  human 
AChE.  Resistance  to  paraoxon  could  be  expected,  as  tbe  amount  of  its  target  protein,  AChE,  was 
significantly  increased  in  the  brain  of  these  mice.  However,  the  resistance  to  muscarinic,  nicotinic 
and  serotonergic  agonists  reflected  secondary  changes  affecting  both  cholinergic  and  serotonergic 
synapses.  These  changes  were  caused,  either  directly  or  indirectly,  by  the  transgenic  enzyme.  Yet, 
no  general  alterations  occurred  in  the  network  of  neurons  controlling  thermoregulation,  as  these 
transgenic  mice  retained  normal  responses  to  noradrenergic  agents  and  to  cold  exposure.  This 
suggests  loss  of  specific  synapses  and/or  receptor  desensitization  as  possible  causes  and  indicates 
the  use  of  cholinergic  and  serotonergic  agonists  for  early  diagnosis  of  imbalanced  cholinergic 
neurotransmission  in  human  patients. 

Transgenic  BCHE  Gene  amplification  occurs  frequently  in  tumor  tissues  yet  is,  in  general,  non- 
heritable.  To  study  the  molecular  mechanisms  conferring  this  restraint,  we  created  transgenic  mice 
carrying  a  human  BCHE  coding  sequence,  previously  found  to  be  amplified  in  a  father  and  a  son. 
Blot  hybridization  of  tail  DNA  samples  revealed  somatic  transgene  amplifications  with  variable 
restriction  patterns  and  intensities,  suggesting  the  occurrence  of  independent  amplification  events, 
in  31%  of  mice  from  the  FII  generation  but  only  3.5%  of  the  Fill  and  FIV  generations.  In  contrast, 
>  10-fold  amplifications  of  the  BCHE  transgene  and  the  endogenous  ACHE  and  c-raf  genes 
appeared  in  both  testis  and  epididymis  DNA  for  >80%  of  FIE  mice.  Drastic,  selective  reductions  in 
testis  BCHEmRNA  were  detected  by  the  PCR  amplification  of  testis  cDNA  from  transgenic  mice, 
and  apparently  resulted  in  the  limited  transmission  of  amplified  genes. 
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OActivity  after  binding  to  human  AChE-specific  monoclonal  antibodies. 


Table  II:  AChE  overexpression  does  not  modify  length  of  axo-dendritic  synapses 
in  the  anterior  hypothalamus  of  transgenic  mice. 


Parameters 

Controls 

Transgenics 

p  (Student's  t  test) 

Number  of  synapses(^^ 

32 

12 

* 

Electron-dense  deposits/pm^'^^^ 

3.4  ±3.2 

6.5  ±  4.0 

p<  0.02 

Post-synaptic  length  in  pm  (^^ 

0.8  ±0.3 

0.7  ±0.2 

ns 

Average  values  ±  standard  deviations  are  presented. 

^^^Only  dendritic  electron-dense  deposits  with  rigid  limits,  reflecting  crystal  structures, 
were  counted. 

(^^Post-synaptic  length  was  measured  only  for  those  synapses  associated  with 
acetylthiocholine  reaction  products  (i.  e.  cholinergic  synapses),  ns  =  non  significant. 


Table  III:  Selective  behavioral  deficits  in  AChE-transgenic  mice 


1 

2 

5-11 

Behavioral  parameter 

T 

c 

T 

C 

T 

C 

1.  Water  maze((^ 

a.  visual  test 

b.  hidden  platform  test 

33.8  ±  25.0 
17.3  ±12,5 

6.7  ±  1.8 

8.7  ±3.5 

22.5  ±  14.8 
26.4  ±21.3 

5.3  ±2.2 
14.0  +  3.5 

33.3+12.2 
49.1  +  27.8 

7.3  ±3.9 
20.5  ±18.2 

2.  Explorative  behavior(^^ 

a.  space  explored 

b.  distance  walked 

51.4±  19.7 
11.2±  5.1 

40.3  ±29.8 

10.4  ±  8.5 

62.5  ±33.6 
15.9  ±  9.6 

43.7  +  21.7 
11.0±  5.4 

51.5  ±  17.2 
13.0  ±  5.0 

54.1  ±19.4 

12.2  ±  3.5 

3.  Open  field  anxiety (^^ 

a.  Defecation 

b.  grooming 

1.0  ±0.6 

1.7  ±1.0 

0.6  ±0.5 

0.6  ±1.0 

0.1  ±0.4 

1.7  ±1.0 

0.5  ±0.8 

1.0  ±0.9 

0.8  ±0.4 

1.3  ±1.0 

0.4  ±0.5 

1.2  ±  1.3 

(^^Noted  are  average  escape  latencies  ±  standard  deviations  at  day  4  of  a  Moiris  water  maze  test. 

(^^Explorative  behavior  in  the  open  field  test  was  evaluated  by  measuring  the  percentage  of  open  field  space 
explored  out  of  0.36  m^  and  the  distance  covered  in  5  min.  Note  no  significant  difference  in  both  parameters 
between  transgenics  and  controls. 

(^^  Defecation  and  grooming  events,  accepted  signs  of  open  field  anxiety,  were  noted. 
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Fig.  1  Detection  of  transgenic 
ACHEmRNA  and  active  enzyme. 

(A)  Identification  of  human  ACHEmRNA. 
RNA  was  extracted  and  amplified  from  transgenic  {+) 
and  control  (-)  cortex  (CO),  brainstem  and 
cerebellum  (BC),  basal  forebrain  (BF)  and  bone 
marrow  (BM).  Species-specific  PCR  primers  were 
designed  for  the  indicated  positions  on  the  schemes 
above.  Resultant  PCR  products  (275  and  785  bp, 
respectively)  were  electrophoresed  on  agarose  gels. 
Note  that  expression  of  HpAChE  mRNA  was  limited 
to  the  central  nervous  system. 

(B)  In  situ  hybridization.  Wholemount  in  situ 
hybridizations  were  performed  on  fixed  brain 
sections  from  transgenic  and  control  mice.  CAl 
hippocampal  neurons  (HIPPO-CAl)  in  the 
transgenic,  but  not  the  control  section  were  intensely 
labeled. 

(C)  Overexpressed  AChE  activity. 
Acetylthiocholine  hydrolysis  levels  were  determined 
for  tissue  homogenates  from  control  (C)  and 
transgenic  (T)  mice  after  sucrose  gradient 
centrifigation  prior  to  (clear  areas)  or  following 
adhesion  to  human-selective  anti-AChE  monoclonal 
antibodies  (shaded  area).  Vertical  arrows  denote 
sedimentation  of  an  internal  marker,  bovine  catalase 
(11.4  S). 


Cytoehv'n'sit'Jd  staining 


Fig.  2.  Neuronal  localization  of  AChE. 

A  to  D:  Cells  expressing  AChE. 

Wholemount  cytochemical  staining  of  AChE  activity 
was  performed  on  fixed  sections  of  control  (A,  C)  and 
transgenic  (B,  D)  brains.  Neuronal  cell  bodies  in 
caudate-putamen  (CP),  globus  pallidus  (GP)  (A,  B) 
and  hippocampal  regions  CA2  and  CA3  (C,  D)  were 
stained  more  intensely  in  transgenic  than  in  control 
brain.  Size  bars=  1  mm  (A,B)  or  100  pm  (C,D). 

E,  F:  Dendritic  accumulation  of  AChE, 
Cytochemical  staining  of  AChE  activity  and  electron 
microscopy  were  performed  on  fixed  brain  sections 
including  axo-dendritic  terminals.  Excess  electron 
dense  reaction  products  appeared  as  grains  within 
dendrites  (round  structures)  in  transgenic  brain  (F) 
as  compared  with  low  density  labeling  in  the  control 
brain  (E).  Size  bar=  0.5  pm. 


Fig.  3.  Transgenic  mice  display  reduced 
hypothermic  responses  to  cholinergic 
and  serotonergic,  but  not  adrenergic 
agonists. 

Core  body  temperature  was  measured  in  5  to  7 
month  old  control  and  transgenic  mice  at  the  noted 
times  after  intraperitoneal  injections  of  the  marked 
doses  of  paraoxon  (A,  B),  oxotremorine  (C), 
nicotine  (D),  8-OH-DPAT  (E)  or  clonidine  (F). 
Presented  are  average  data  for  5  (A,  F)  or  4  male 
and  female  mice  (C,  D,  E)  or  one  representative 
pair  out  of  3  tested  (B).  Note  different  time  and 
temperature  scales.  Temperatures  of  transgenics  at  all 
time  points  after  10  min  from  injection  were 
statistically  different  from  those  of  controls  for 
oxotremorine,  nicotine  and  8-OH-DPAT  (Student's  t 
test,  p  <  0.05).  Open  circles:  control  mice,  filled 
circles:  transgenic  mice. 
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3.  In  vitro  studies  of  OP  and  carbamate  interactions  with  AChE  and 
BuChE 

Detailed  dissection  of  catalysis  by  any  natural  or  recombinant  ChE  variant  (Neville  et  ah,  1992; 
Ordentlichetfl/.,  1993;  Soreq  andZakut,  1993;  Vellomet  al,  1993)  should  attempt  to  discriminate 
among  effects  on  one  or  another  of  the  several  stages  of  catalysis.  As  the  slowest  stage  has  a  half¬ 
time  on  the  order  of  100  |is  (Gilson  et  al,  1994;  Quinn,  1987;  Rosenberry,  1975),  we  have 
recruited  the  inactivation  of  ChEs  by  an  OP  (Taylor,  1990)  as  an  analogous  reaction  in  order  to 
study  in  isolation  the  first  two  stages  (Fig.  1  A).  Cleavage  of  the  phosphoryl-ChE  bond  is  extremely 
slow,  making  OPs  hemi-substrate  inhibitors,  but  the  rate  of  dephosphorylation  can  be  enhanced  by 
PAM  (Fig.  IB)  (Wilson,  1954),  a  rigid  zwitterionic  molecule  that  juxtaposes  its  nucleophilic  group 
precisely  against  the  phosphoryl  bond,  which  it  displaces.  To  analyze  catalysis  on  a  micro  scale  and 
to  avoid  interference  with  rate  measurements  by  inactivating  or  reactivating  reagents,  we 
immobilized  recombinant  Xenopus  oocyte-produced  variant  ChEs  on  selective  monoclonal 
antibodies  in  multi-well  plates  and  subjected  the  bound  enzymes  to  successive  OP  inactivation  ^d 
oxime-promoted  reactivation.  By  this  approach  we  measured  major  changes  in  rates  of  the  reaction 
with  DFP  and  PAM  (Fig.  IB)  for  a  large  series  of  human  ChE  variants  differing  within  the  gorge 
lining,  the  acyl-binding  site  or  the  C-terminus,  always  by  comparison  to  the  wild-type  enzyme 
forms. 

Spatiotemporal  dissociation  of  catalytic  steps  We  collected  rate  constants  for  each  of  the 
2  recombinant  human  enzymes  as  produced  in  microinjected  Xenopus  oocytes  from  the 
corresponding  cloned  in  vitro  transcribed  mRNA  (Neville  et  al.,  1992)  or  cDNA  (Seidman  et  al., 
1994).  We  also  examined  a  chimera  in  which  the  gorge  rim,  the  gorge  lining,  the  conserved 
oxyanion  hole  and  the  choline-binding  site  of  BuChE  were  substituted  with  the  homologous 
peptide  of  AChE  (Loewenstein  et  al.,  1993).  To  test  whether  variations  in  the  C-terminus  (Soreq 
and  Zakut,  1993)  would  affect  catalytic  properties  of  isolated,  immobilized  ChEs,  we  used 
ACHEcDNA  vectors,  including  a  vector  encoding  the  major  form  of  human  AChE  expressed  in 
brain  and  muscle  (Soreq  et  al.,  1990),  and  designated  E6,  and  an  alternative  vector,  differing  in  the 
3'-terminus  and  representing  the  variant  ACHEmRNA  species  expressed  in  hematopoietic  and 
tumor  cells  (E5)  (Karpel  et  al,  1994).  Several  natural  and  site-directed  mutants  of  recombinant 
human  BuChE  completed  this  series.  Each  of  the  recombinant,  immobilized  enzyme  variants  was 
reacted  with  DFP,  followed  by  regeneration  of  activity  by  PAM.  The  enzymes  were  enriched  by 
adsorption  onto  an  immobilized  antibody  (Liao  et  al,  1993;  Seidman  et  al,  1994).  ELISA 
measurements  provided  determinations  of  the  amounts  of  recombinant  proteins  for  evaluation  of 

kcat  values. 

The  gorge  lining  contributes  to  enzyme  phosphorylation  Rates  of  DFP  inactivation 
were  determined  for  normal  BuChE,  L286K  BuChE  and  the  chimera  as  compared  with  the  two 
alternative  forms  of  AChE  (Fig.  2A).  The  second  order  rate  constant  for  inactivation  of  AChE  by 
DFP  was  found  to  be  160-fold  lower  than  that  of  BuChE.  Introduction  of  a  positive  charge  into  the 
acyl-binding  site  of  the  L286K  mutant  slowed  the  inactivation  rate  of  BuChE  approximately  8-fold 
(Fig.2A).  In  contrast,  substitution  of  the  gorge  lining  by  the  corresponding  AChE  peptide,  reduced 
this  rate  60-fold  (Fig.  2A).  In  general,  inactivation  rates  of  natural  BuChE  mutants  were  not 
severely  affected. 

Active  site  charges  hamper  reactivation  The  same  series  of  enzymes  was  further  assessed 
for  rates  of  reactivation  .  The  Kd  for  DIP-BuChE,  0.3  mM,  was  close  to  the  value  of  0.2  mM 
found  for  purified  diethylphosphoryl-BuChE  (Vellom  et  al,  1993).  The  pseudo-first  order  rate 
constant  for  reactivation  of  DFP-inhibited  BuChE  (Table  I)  was  25-fold  higher  than  for  either  form 
of  AChE  (Fig.  2B  and  Table  I).  The  chimera  displayed  a  reactivation  constant  only  moderately 
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lower  than  that  of  native  BuChE.  This  lower  rate  for  AChE  and  the  chimera  was  due  to  a  lower  true 
first-order  rate  constant  (k^),  as  the  affinity  for  PAM  remained  unchanged  (Table  II).  In  contrast, 
the  BuChE  L286K  mutant  displayed  a  40-fold  reduction  in  the  pseudo-first  order  rate  constant  for 
reactivation,  reflecting  a  reduction  in  both  reactivation  rate  and  affinity  for  PAM.  This  emphasizes 
the  importance  of  the  acyl-binding  site  in  the  reactivation  process.  We  further  substituted  an  acidic, 
a  basic,  a  sulfhydryl  and  a  polar  group  for  F329.  Of  these,  only  the  sulfhydryl  and  acidic  groups 
disrupted  the  reactivation  (Table  I).  For  the  natural  BuChE  variants,  effects  of  D70G  and  Y144H 
on  reactivation  were  cumulative. 

C-terminal  variations  are  innocuous  in  catalytic  terms  Both  alternative  ACHE  DNA 
forms  led  to  enzymes  with  similar  inactivation  rates  (Fig.  2A  and  Table  I),  demonstrating  that  the 
natural  variabihty  in  the  C-terminus  of  AChE  contributes  to  the  inactivation  rate  far  less  than 
differences  in  the  acyl-binding  site  and  gorge  lining  of  ChEs. 

Effects  of  variations  on  kcat  The  consequences  of  each  variation  were  further  evaluated  by 
determining  turnover  numbers  (k^^,,  Table  I).  Effects  on  kcat  in  the  various  mutants  were  not 

cumulations  of  effects  on  Iq  and  k'^,  nor  are  they  expected  to  be,  as  only  the  slowest  step  will  be 
reflected  in  the  catalytic  rate.  Thus,  substitution  of  L286  with  a  basic  residue  reduced  reactivation 
40-fold  but  led  to  only  a  5-fold  reduction  in  kcat  (Table  I).  Other  replacements  at  this  position,  and 
substitution  of  the  gorge  fining  in  the  chimera,  had  considerably  smaller  effects  on  this  value. 

We  chose  to  focus  on  three  peptide  regions  of  the  human  ChE  molecules;  (a)  the  gorge  fining,  (b) 
the  acyl-binding  site,  and  (c)  the  C-terminal  peptide  in  AChE.  We  found  the  reactivity  of  AChE 
toward  DFP  to  be  remarkably  lower  than  that  of  BuChE,  in  spite  of  the  close  similarity  of  these  two 
enzymes;  our  use  of  the  "atypical"  and  the  chimeric  enzyme  suggested  that  aromatic  gorge-lining 
residues,  especially  residues  Y72  and  Y124,  which  participate  in  the  peripheral  anionic  site 
(Shafferman  etal,  1992)  contribute  significantly  toward  this  difference.  Even  OP  agents  that  are, 
unlike  DFP,  designed  as  anti-AChE  poisons,  inactivate  BuChE  and  AChE  at  similar  rates  (Raveh 
et  al,  1993X  suggesting  a  special  vulnerability  of  BuChE  to  OPs.  Even  in  the  case  of  those  anti- 
AChEs,  BuChE,  with  a  larger  binding  site,  acts  as  a  scavenger  to  protect  AChE  (Raveh  et  al., 
1993).  The  strikingly  lower  inactivation  rate  of  the  chimera  than  that  of  BuChE  may  be  attributable 
to  its  having  its  active  site  gorge  narrowed  by  numerous  aromatic  residues.  (The  chimera's  acyl 
binding  site  is  unchanged.)  For  the  L286K  mutation,  both  inactivation  and  reactivation  are  affected. 
Introduction  of  a  positive  charge  at  the  acyl  biding  site,  and  possibly  also  tightly  bound  water 
molecules,  may  disrupt  both  phases  of  the  reaction.  The  capacity  of  AChE  to  hydrolyze  the 
disfavored  substrate,  butyrylthiocholine,  is  reduced  to  l/30th  the  rate  of  BuChE.  The  accessibility 
of  BuChE  as  a  serum  enzyme  raises  the  possibility  that  PAM  acts  by  regenerating  BuChE  and 
allowing  it  to  react  with  more  of  the  OP  before  the  OP  has  a  chance  to  inactivate  neuromuscular 
AChE,  in  effect  turning  serum  BuChE  into  an  OPase.  A  finding  with  important  consequences  for 
dealing  with  OP  poisoning  is  that  D70G,  by  far  the  most  common  of  the  phenotypically  different 
BuChE  variants  (Whittaker,  1986)  reacts  with  DFP  as  fast  as  the  normal  enzyme,  but  is  reactivated 
by  PAM  at  only  one-fifth  the  rate.  Since  D70G  also  has  a  4-fold  lower  specific  activity,  than  the 
wild  type  enzyme  (Neville  et  al,  1990  and  unpublished  observations),  D70G  BuChE  will  have 
less  detoxifying  capacity  to  protect  OP-poisoned  individuals  than  its  normal  counterpart.  Moreover, 
when  intravenous  PAM  administration,  in  conjunction  with  other  therapies,  is  used  to  treat  OP 
intoxication  (Taylor,  1990),  carriers  of  D70G  BuChE  will  have  a  genetic  predisposition  to  poor 
responses  to  such  therapy.  This  applies  to  "atypical"  homozygotes,  as  well  as  heterozygotes,  who 
together  compose  up  to  7.5%  of  some  populations  (Ehrlich  et  al,  1994).  Thus,  the  recently 
reported  variable  efficacy  of  PAM  treatment  (Willems  et  al ,  1993)  may  be  due  to  genetic  diversity 
in  the  treated  patients.  Individual  differences  may  further  be  expected  in  the  sensitivity  to  poisoning 
by  therapeutic  anti-ChEs,  such  as  those  used  in  Alzheimer's  disease  (Knapp  et  al;,  1994).  Natural 
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anti-ChEs,  such  as  glyco-alkaloids  in  Solanum  plants  (Neville  et  al,  1992)  and  neurotoxins 
excreted  by  cyanobacteria  (Carmichael,  1994)  may  also  have  diverse  effects  on  these  individuals. 
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time  X  [DFP]  x  10^7,  min  x  M 


reactivation  time,  min 


Fig  2  Inactivation  of  ChEs  and  reactivation  by  PAM  A:  Data  are  presented  as  percent  original  activity  v^ 
duration  of  exposure  to  DFP  times  the  DFP  concentration  (ki[DFP]).  In  the  left  panel,  a  companson  of  BuChE 
and  its  L286K  mutant  and  the  BuChE/AChE  chimera.  In  the  center  panel,  a  companson  of  the  natural 
alternatives  of  AChE  (E6)  and  AChE  (E5),  and  the  chimera,  In  the  nght  panel,  a  companson  of 
representative  data  for  the  D70G  variant  and  BuChE.  The  chimera  is  presented  in  the  left  p^el  andBuChE  in 
the  right  panel  to  assist  correlation  of  the  rates  of  L286K  and  D70G.  BuChE  inactivatmn^  ■  1^^,  H  5  nM,  A 
10  nM  T  50  nM  DFP.  AChE  (E6)  inactivations:  □  0.1  pM,  A  0.5  pM,  T  1  pM  DFP;  AChE  (E5)  H  1  pM 
DFP  L286K  BuChE  inactivation:  O  50  nM  DFP.  D70G  inactivation:  •  5  nM  DFP. 


B-  A  logarithmic  function  of  the  regain  in  activity  vs.  time  is  presented  in  the  left  panel  for  S^^hE  ■  the 
BuChE/AChE  chimera  ♦,  and  the  L286K  mutant  O  in  1  mM  PAM;  in  the  center  panel  for  ACl^  (E6)  ▼, 
AChE  (E5)  KI,  and  the  chimera  ♦  in  0.6  mM;  and  in  the  right  panel,  representative  data  for  BuChE  •  and  the 
D70G  variant  ■  in  1  mM  PAM. 
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4.  Failure  of  "atypical"  butyrylcholinesterase  to  protect  against  anti¬ 
cholinesterases 

“Atypical”  BCHE,  which  causes  the  D70G  substitution,  is  the  most  common  allele  of  the  BCHE 
gene  that  causes  a  clinically  variant  phenotype.  "Atypical"  BuChE  is  incapable  of  hydrolyzing 
succinylcholine  administered  at  surgery  (Kalow  and  Davis,  1958;  Lockridge,  1990),  and  is  much 
less  sensitive  than  the  normal  enzyme  to  several  inhibitors  (Neville  et  al,  1992;  McGuire  et  al, 
1989;  Kalow  and  Davis,  1958;  Lockridge,  1990).  Homozygous  carriers  of  this  variant  allele  -- 
under  0.04%  in  Europe  but  up  to  0.6%  in  certain  middle-Eastem  populations  (Ehrlich,  1994)  - 
suffer  post-anesthesia  apnea  (Lockridge,  1990)  and  hypersensitivity  to  the  anti-ChE  insecticide 
parathion  (Soreq  and  Zakut,  1993).  Recently,  we  learned  of  AB,  an  individual  who  had 
experienced  succinylcholine-induced  apnea  and,  during  the  Gulf  War  under  treatment  with 
pyridostigmine,  cholinergic  symptoms.  Therefore,  we  initiated  a  study  of  the  interaction  of  ChE 
inhibitors  in  clinical  use  or  testing  (Schwarz  et  al,  1995a)  with  serum  ChEs  from  members  of  this 
AB’s  family,  as  compared  to  the  enzyme  from  serum  and  with  recombinantly  produced  variant 
ChEs  (Neville  et  a/.,  1992). 

BuChE  from  sera  of  AB  and  his  father,  homozygous  and  heterozygous  carriers  of  the  "atypical" 
BCHE  allele,  respectively  (Ehrlich  et  al,  1994),  were  compared  to  BuChE  from  individuals 
homozygous  for  the  normal  allele.  To  analyze  inhibitors  that  covalently  interact  with  ChEs,  we 
immobilized  native  human  BuChEs  through  monoclonal  antibodies  to  multiwell  microtiter  plates 
(Schwarz  et  al,  1995b).  Recombinant  Xenopwi  oocyte-produced  variant  ChEs,  including  normal 
and  "atypical"  BuChEs  and  brain-  and  blood  cell-characteristic  AChEs  (Seidman  et  al,  1995)  were 
also  subjected  to  inactivation  by  anti-ChEs  and  to  subsequent  spontaneous  reactivation  (Schwarz  et 
al,  1995b). 

Activity  of  "atypical"  BuChE  The  activity  of  "atypical"  BuChE  was  found  to  be  about  3-fold 
lower  than  normal  in  AB's  serum,  which  contained  a  normal  amount  of  enzyme  protein. 
Heterozygotes  presented  intermediate  specific  activities.  "Atypical"  BuChE  reacts  much  slower  than 
does  normal  with  four  carbamates,  pyridostigmine  (Keeler  et  al,  1991),  physostigmine 
(Giacobini,  1991),  heptyl  physostigmine  (Iversen,  1993)  and  SDZ-ENA  713  (Enz  et  al,  1993) 
(Table  lA). 

Rate  of  inhibition  of  normal  and  "atypical"  BuChE  Inhibition  by  the  reversible 
Alzheimer’s  disease  drug  tacrine  (Winker  et  al,  1994)  was  examined  (Table  IB).  To  mimic  the 
heterozygous  state,  we  tested  1:1  mixtures  of  oocyte  homogenates,  expressing  recombinant  normal 
and  “atypical”  enzyme  (Fig.  IB).  In  both  cases,  we  observed  a  drastic  reduction  in  the  capacity  of 
"atypical"  BuChE  to  interact  with  tacrine.  Analysis  of  the  relevant  site  in  the  enzyme’s  three- 
dimensional  structure  (Harel  et  al,  1993),  further  revealed  that^the  distance  from  the  Asp70 
carboxyl  group  to  the  tacrine  anilinic  nitrogen  in  BuChE  is  only  5.2  A  indicating  the  possibility  of  a 
salt  bridge.  This  interaction  is  removed  in  "atypical"  BuChE,  reflected  in  a  two  orders  of  magnitude 

increase  in  tacrine's  ICjq. 

Rate  of  reactivation  of  normal  and  "atypical"  BuChE  The  reactivation  rates  of  AChE  and 
BuChE  differed  for  several  drugs,  with  the  decreasing  order  SDZ-ENA  713,  heptyl  physostigmine, 
pyridostigmine  and  physostigmine  (Table  IC).  However,  for  no  drug  was  there  a  dramatic 
difference  between  the  blood  and  brain  forms  of  AChE  or  between  normal  and  "atypical"  BuChE 
(Table  IC),  which  indicates  that  the  differential  drug  responses  of  “atypical”  BuChE  occur  at  the 
initial  scavenging  step. 

The  possibility  that  anti-ChE  therapies  may  cause  adverse  reactions  in  individuals  with  variant 
BCHE  genotypes,  becomes  a  pertinent  issue  in  view  of  the  administration  of  pyridostigmine 
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bromide  to  over  400,000  Gulf  War  soldiers.  In  homozygotes  and  possibly  in  heterozygous  carriers 
of  the  "atypical"  BCHE  allele,  the  lower  capacity  of  blood  BuChE  to  interact  with  and  detoxify 
some  of  the  drug  should  result  in  larger  effective  doses.  "Atypical"  homozygotes  with  practicdly 
none  of  the  normal  protective  detoxifier,  would  hence  become  most  vulnerable  to  AChE  inhibition 
under  treatment  by  any  anti-ChE  drug.  Several  Alzheimer's  disease  drugs  emerged  in  this  study  as 
much  faster  inactivators  of  BuChE  than  of  AChE,  suggesting  that  when  administered  to  patients, 
these  drugs  will  interact  primarily  with  plasma  BuChE. 
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percent  activity  remaining 


Table  I.  Deficient  interaction  of  “atypical”  butyrylcholinesterase  with  various  inhibitors 


AChE 

brain-type  (E6)  blood  cell-type  (E5) 

22  ±9  25±7 

ND  ND 

1600  ±700  1400  ±400 

4.3  ±1.8  3.3  ±0.6 


0.15  ±0.08  0.15  ±0.04 


32  24 

67  54 

3  3 

8  4 

^Pseudo  first-order  rate  constants  were  extracted  from  data  such  as  those  in  Fig.  1,  but  for  the  recombinant  enzymes,  and  with  the  reagent 
concentrations  indicated  in  parentheses,  and  were  fit  to  a  first  order  decay  model  using  the  least  squares  approach.  Averages  and 
standard  deviations  of  at  least  4  determinations  are  presented.  ND,  not  determined  because  of  the  exceedingly  fast  reactivation  rates. 

^ICgo  values  of  tacrine  were  measured  for  recombinant  human  ChEs  and  for  sera  in  the  presence  of  1  mM  butyrylthiocholine  for  BuChE 
or  1  mM  acetylthiocholine  for  AChE.  Values  are  calculated  by  GraFit  3.0  (Erithacus  Software,  Staines,  UK).  ND,  not  determined.  The 
data  shown  are  averages  and  standard  deviations  of  2  serum  samples  or  3  recombinant  enzyme  samples. 

'^Spontaneous  reactivation  of  recombinant  human  ChEs  was  examined  after  complete  inhibition  of  the  immobilized  enzymes,  followed  by 
removal  of  unreacted  inhibitor.  Values  of  percent  regained  activity  after  30  min  are  shown  (average  of  two  experiments). 


A;  second  order  inactivation  rate  constants  (M'^min*^)^ 


pyridostigmine  (10*^  M) 
physostigmine  (10’^  M) 
heptyl  physostigmine  (lO'*^  M) 
SDZ-ENA  713  (10'^  M) 

B:  IC^ ft  values  (pM)*^ 

tacrine  (recombinant) 
tacrine  (serum) 

C:  Time  dependent  reactivation^ 
pyridostigmine 

heptyl  physostigmine 
SDZ-ENA  713 


1.9  ±0.2 
380  ± 160 
11000  ±3,000 
14  ±3 


0.054  ±0.036 
0.082  ±0.009 


“atypical” 

<0.8 
26  ±9 
770  ±440 
0.47  ±  0.46 


11.4  ±1.4 
8.9  ±2.5 


Fig.  1.  Inhibition  of  BuChE  variants  by  anti-ChEs. 

A.  Differential  inactivation  kinetics  of  variant  Human  sera  BuChEs  with  carbamate  inhibitors.  Percent  origmal  activity  as  a 
function  of  time  of  exposure  to  4  carbamates  is  presented  for  a  representative  experiment.  Activities  of  immobilized  ChEs  were 
determined  in  10  mM  BTCh  following  incubation  for  the  noted  times  with  the  covalently  binding  inhibitors  pyridostigmine  (10  pM), 
physostigmine  (1  pM),  heptyl  physostigmine  (0.01  pM),  and  SDZ-ENA  713  (10  pM).  The  lines  are  best  fits  of  the  data  to  first  order 
conditions.  A,  normal,  Asp70,  BuChE  homozygote  (D/D);  ■  "atypical",  Gly70,  homozygote  (G/G);  •,  BuChE  heterozygote  (G/D). 

B.  Inhibition  of  serum  and  recombinant  BuChE  by  tacrine.  In  the  left  panel,  data  for  3  representative  serum  types  inhibited  by 
tacrine:  serum  of  the  propositus,  A.B.,  a  homozygote  for  the  "atypical",  Gly70,  BuChE  variant  (G/G);  of  his  father,  a  heterozygote 
for  this  variant  (G/D);  and  of  a  normal  homozygote  with  Asp70  (D/D).  In  the  right  panel,  tacrine  inhibition  is  observed  on 
equivalent  total  amounts  of  recombinant  normal  (D/D)  and  "atypical"  (G/G)  BuChE,  and  a  1:1  mixture  of  the  two  (D/G). 


Fie.  2.  Inhibition  of  serum  and  recombinant  BuChE  by  tocrine.  In  the  left  panel,  date  for  3  representative  serom  types  inhibited 
by  tacrine:  serum  of  the  propositus,  A.B.,  a  horaozygote  for  the  "atypical",  Gly70,  BuChE  vmmt  (G/G);  of  his  Mher,  a 
heterozygote  for  this  variant  (G/D);  and  of  a  normal  homozygote  with  Asp70  (D/D).  In  the  nght  panel,  tacnne  inhibition  is  observed 
on  equivalent  total  amounts  of  recombinant  normal  (D/D)  and  "atypical"  (G/G)  BuChE,  and  a  1:1  mixture  of  the  two  (D/G). 
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5.  Cholinotoxic  effects  on  rodent  brain  gene  expression 

Cholinergic  deficits  have  been  associated  with  several  neurodegenerative  disorders  such  as 
Alzheimer  and  Huntington's  diseases  (Wurtman,  1992),  suggesting  that  finely  balanced  cholinergic 
metabolism  contributes  to  the  maintenance  of  CNS  circuits.  An  animal  model  in  which  a  selective 
cholinergic  deficit  has  been  induced  is  the  ethylcholine  aziridinium  (AF64A)  treated  rat  (Fisher  e  t 
al,  1982).  AF64A  is  structurally  similar  to  choline,  with  the  distinction  that  it  possesses  an  ethyl 
moiety  and  the  highly  reactive  aziridinium  ion.  It  is  taken  up  by  cholinergic  neurons  via  the  high 
affinity  choline  transport  system  (Manitone  et  al,  1981)  and  causes  a  specific  and  long-lasting 
reduction  in  the  concentration  and  the  activity  of  cholinergic  pre-synaptic  biochemical  markers 
(Manitone  et  al,  1981;  Sandberg  et  al,  1984),  including  ACh,  AChE,  ChAT  (Leventer  et  al, 
1987),  and  the  high  affinity  transport  system  for  choline,  which  is  the  rate  limiting  step  in  ACh 
synthesis  (Murrin,  1980).  In  addition,  rats  treated  with  AF64A  also  show  behavioral  cognitive 
deficits,  suggesting  that  loss  of  synapses  has  occurred  (Chrobak  et  al,  1988).  Like  other 
aziridinium  compounds,  AF64A  was  also  found  to  react  also  with  DNA,  to  induce  DNA  damage 
and  to  cause  premature  termination  of  RNA  transcription  in  vitro.  Thus,  the  cholinotoxic  effects  of 
AF64A  could  be  attributed  to  its  inhibitory  action  on  cholinergic  enzymes  activities,  to  interference 
with  the  synthesis  of  such  enzymes,  to  its  DNA  damaging  activity  on  G,C-rich  genes  or  to  all  of 
these  actions  together. 

AChE  and  the  closely  related  enzyme  BuChE  are  highly  similar  in  their  amino  acid  sequerice  and  in 
their  computer-modeled  three  dimensional  structure,  yet  vary  in  their  substrate  specificity  and  in 
their  interaction  with  inhibitors.  In  addition,  the  rat  ACHE  gene  is  G,C-rich  (Legay  et  al,  1993) 
like  its  human  homolog  (Soreq  et  al,  1990),  with  high  predicted  sensitivity  to  guanine-binding 
agents,  whereas  the  BCHE  gene  is  A,T-rich  (Prody  et  al,  1987)  and  may  be  expected  to  be  less 
sensitive  to  such  agents.  This  difference  made  the  two  ChE  genes  appropriate  models  for  in  vitro 
studies  on  the  effectiveness  of  AF64A  on  cholinergic  gene  expression  and/or  enzymatic  activities. 
In  parallel,  we  further  examined  the  effects  of  ICV  administration  of  AF64A  on  cholinergic  enzyme 
activities  and  determined  the  in  vivo  effect  of  AF64A  on  ChEmRNA  levels  by  reverse  transcription 
coupled  with  DNA  amplification  (RT-PCR)  in  different  rat  brain  areas.  To  compare  the  pattern  of 
expression  of  G,C-rich  genes  in  brains  from  AF64A  treated  and  control  rats,  differential  PCR- 
displays  (Liang  and  Pardee,  1992)  were  prepared  with  an  arbitrary  G,C-rich  primer  (Welsh  et  al, 
1992).  Our  findings  suggested  a  consistent  correlation  between  the  cholinotoxic  effects  of  AF64A 
on  G,C-rich  sequences  in  vitro  and  in  vivo  and  the  use  of  this  approach  for  identifying  the  target 
genes  to  cholinotoxic  agents. 

AF64A  modulates  cholinergic  enzyme  activities  in  vivo  AF64A  effects  on  different 
cholinergic  markers  in  vivo  were  measured  in  a  time-dependence  study.  To  address  the  cholinergic 
deficits  following  ICV  administration  of  2  nmol  AF64A,  we  determined  the  enzymatic  activities  of 
AChE  and  ChAT  in  different  brain  regions.  Septal  AChE  showed  a  slight  but  significant  reduction 
which  occurred  late,  while  striatal  AChE  activity  remained  apparently  unchanged  until  day  60.  In 
contrast,  AChE  activity  in  hippocampus  was  reduced  at  day  7  through  60  post-AF64A 
administration  (Fig.  1).  The  enzymatic  activity  of  ChAT  showed  a  different  pattern:  septal  ChAT 
activity  was  significantly  increased  on  day  7,  returned  to  normal  level  by  day  14  and  decreased  by 
day  60  post-AF64A  treatment.  In  the  striatum,  ChAT  activities  remained  normal  after  0.5,  1.0  and 
2  nmol/side  AF64A  at  all  of  these  time  points  (Fig.  1,  and  El-Tamer  et  al,  unpublished  data). 
However,  hippocampal  ChAT  activity  was  significantly  decreased  at  day  7  through  60.  The 
biochemical  measurements  thus  revealed  a  particular  long-term  vulnerability  to  AF64A  effects  for 
cholinergic  enzyme  activities  in  the  hippocampus. 
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Differential  in  vitro  inhibition  of  ChEs  by  AF64A  We  analyzed  enzyme  activity 
following  preincubation  of  AF64A.  Our  measurements  fully  reflected  the  interaction  of  the  released 
thiocholine  product  with  DTNB,  and  the  color  reduction  under  these  experimental  conditions  was 
due  to  enzyme  inhibition  alone  (Hanin  et  al,  1994).  Following  incubation  of  AChE  and  BuChE 
with  AF64A  a  reduction  of  the  activity  of  these  enzymes  was  observed  (Fig.  2,  top).  At  the  high 
concentration  of  AF64A  used  in  vitro,  one  would  expect  susceptibility  to  nucleophilic  attack  by 
ChE  activities.  Moreover,  at  the  physiologically-effective  average  AF64A  concentration  of  5-20 
mM,  neither  of  the  enzymes  should  be  inhibited.  Therefore,  we  next  focused  our  investigation  on 
measurements  at  the  mRNA  level. 

Pretreatment  of  cholinesterase  cDNAs  with  AF64A  causes  differential  damage  to 
in  vitro  transcription  To  compare  the  sensitivity  of  the  ACHE  and  BCHE  genes  to  AF64A, 
plasmid  DNAs  carrying  each  of  these  ChE  coding  sequences  were  subjected  to  in  vitro 
transcription  following  pre-incubation  with  AF64A.  Reductions  were  observed  in  the  yields  of 
RNA  transcripts  from  both  ACHE  and  BCHEcDNA,  however  to  different  extents.  The  ACIffi 
gene  therefore  displayed  differential  sensitivity  over  that  of  the  BCHE  gene  toward  AF64A  toxicity 
in  vitro,  which  predicted  that  physiologically  effective  concentrations  of  this  cholinotoxin  may 
modulate  transcriptional  activities  of  the  corresponding  genes  in  cholinergic  and/or  cholinoceptive 
cells. 

AF64A  administration  modulates  ChE  mRNA  levels  in  vivo  To  assess  the  in  vivo 
levels  of  CHEmRNAs,  total  RNA  extracts  from  septum,  hippocampus  and  striatum  from  AF64A- 
treated  rats  were  subjected  to  reverse  transcription  followed  by  kinetic  follow-up  of  PCR 
amplification  using  primers  specific  to  each  of  the  ChE  genes  (RT-PCR).  This  analysis  revealed 
that  the  amounts  of  septal  and  striatal  ACHEmRNA  were  reduced,  while  BCHEmRNA  levels 
remained  unchanged  (not  shown).  In  contrast,  hippocampal  ACHEmRNA  was  higher  in  treated 
rats  at  day  7  post-injection  and  returned  to  apparently  normal  levels  at  day  60.  In  this  same  region, 
BCHEmRNA  was  reduced  by  70%  on  day  7  and  remained  as  low  as  50%  of  control  on  day  60 
(Fig.  3).  Although  AChE  activity  was  significantly  reduced  in  the  hippocampus,  the  RT-PCR 
analysis  revealed  a  concomitant  and  pronounced  increase  in  ACHEmRNA,  unique  to  this  brain 
region. 

AF64A  induces  region-specific  alterations  in  the  differential  PCR  display  of  G,C- 
rich  transcripts  To  examine  whether  the  increased  levels  of  ACHEmRNA  in  hippocampus 
reflected  a  general  change  in  transcription  of  G,C-rich  genes,  we  employed  the  approach  of 
differential  PCR  display.  The  general  pattern  of  displayed  products  did  not  change  in  the  AF64A- 
treated  rats  as  compared  to  control  rats  (Fig.  4).  While  no  AF64A-dependent  changes  could  be 
observed  in  striatal  mRNA,  we  were  able  to  detect  several  quantitative  changes  in  PCR  products 
displayed  from  hippocampus  and  septum  following  AF64A  administration.  In  the  septum  the  levels 
of  3  transcripts  were  decreased  on  day  7  and  remained  low  at  day  60  (Fig.  4).  At  least  3  other  PCR 
fragments  appeared  to  be  stronger  in  the  treated  hippocampus  60  days  post  AF64A.  This  implies 
that  the  increase  of  ACHEmRNA  in  the  hippocampus  was  consistent  with  an  increase  in  multiple 
G,C-rich  transcripts  which  was  particular  to  this  cholinoceptive  brain  region. 

The  in  vivo  experiments  were  complemented  by  a  series  of  in  vitro  tests.  In  vitro  inhibition  of 
transcription  of  G,C-rich  ACHEcDNA  was  achieved  at  concentrations  of  AF64A  that  were  2  times 
lower  than  those  required  to  inhibit  the  A,T-rich  BCHEcDNA,  attributing  at  least  part  of  the  in  vivo 
changes  in  ACHE  gene  expression  to  its  G,C-rich  composition.  In  vitro  studies  further  revealed 
that  AChE  activity  was  more  sensitive  to  this  alkylating  agent  than  that  of  BuChE,  and  that  this 
inhibition  required  higher  AF64A  concentrations  than  those  generally  administered  ICV.  Moreover, 
access  of  such  compounds  to  intracellular  enzymes  in  the  CNS  parenchyma  in  the  in  vivo  situation 
is  very  limited.  Therefore,  our  in  vitro  tests  suggest  that  to  achieve  direct  inhibition  of  enzyme 
activities,  the  intracellular  concentration  of  AF64A  should  be  higher  than  those  present  in  the  CSF. 
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The  in  vivo  inhibition  of  AChE  activity  thus  suggested  that  ICV-administered  i^64A  actively 
accumulated  in  cholinergic  synapses  and  entered  into  cholinergic  and/or  cholinoceptive  cell  bodies, 
where  it  could  reach  higher  local  concentrations.  Our  findings  therefore  support  the  theory  of  active 
uptake  into  cholinergic  cell  bodies  via  the  choline  transport  system,  which  was  previously 
suggested  as  a  mechanism  of  action  for  AF64A  (Manitone  et  ai,  1981;  Sandberg  et  al.,  1985). 
Once  in  these  cell  bodies,  AF64A  is  likely  to  interact  with  G,C-rich  genes  such  as  ACHE  and 
interfere  with  their  transcription  (Futscher  et  al,  1992).  Moreover,  the  theory  of  active  uptake 
further  explains  the  apparent  direct  reduction  of  protein  activities.  Altogether,  these  findings  imply 
that  penetration  of  this  alkylating  agent  into  the  brain  can  induce  a  to  multileveled  cholinergic 
damage.  This  includes  mechanisms  of  nucleophilic  attack  and  blocking  of  guanines  in  the  DNA  at 
cholinergic  cell  bodies  on  the  one  hand,  and  interference  with  specific  protein  subsets  at  cell  bodies 
and  nerve  terminals  on  the  other  hand. 

At  the  level  of  mRNA,  the  main  damage  induced  in  vivo  by  AF64A  appeared  to  be  region-specific 
and  partially  transient.  At  the  protein  level  we  could  discriminate  between  the  vulnerable 
hippocampus  and  the  more  resistant  septum  and  striatum.  Injection  of  2  nmol  AF64A/ventricle  did 
not  affect  the  activities  of  cholinergic  markers  measured  in  the  striatum,  which  was  previously 
found  to  be  sensitive  to  higher  doses  of  this  cholinotoxin  (Sandberg  et  al,  1984).  In  contrast,  the 
mRNA  levels  of  both  ACHE,  b-actin  and  other  unidentified  G,C-rich  genes  were  significantly 
increased  in  the  hippocampus  by  7  days  post  AF64A  administration.  This  indicated  that  the  in  vivo 
decrease  in  AChE  activities  in  the  hippocampus  was  secondary  to  the  reduction  in  ACHEmRNA  in 
the  septum,  projecting  to  the  hippocampus,  and  that  this  change  caused  a  feedback  increase  of 
transcription  of  several  genes,  including  ACHE  and  b-actin,  in  this  cholinoceptive  and  vulnerable 
area. 

To  evaluate  the  general  transcriptional  damage  caused  by  AF64A,  we  employed  differential  PCR 
display.  Differentially  expressed  mRNAs  were  indeed  observed  in  septum,  striatum  and 
hippocampus,  and  some  of  those  particular  to  the  hippocampus  were  modulated  following  AF64A 
administration.  The  long  term  changes  in  gene  expression  detected  by  the  PCR  display  suggest  toe 
use  of  this  approach  to  clone  and  identify  the  modulated  transcripts.  That  both  the  protein  activities 
and  toe  PCR  display  changes  were  long  term  can  further  indicate  damage  to  toe  machinery  of 
mRNA  translation.  This  would  reduce  AChE  activities  even  under  conditions  where  ACHEmRNA 
levels  returned  to  normal,  as  was  the  case  by  day  60  post  AF64A  treatment.  The  transcription^ 
changes  in  AF64A-treated  hippocampus  are  in  line  with  the  behavioral  effects  induced  by  this 
cholinotoxin. 
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Fig.  1,  In  vivo  effects  of  AF64A  on  cholinergic  markers.  Time-de- 
pendent  effects  of  AF64A  (2.0  nmol/side)  on  AChE  and  CHAT 
activities  are  presented  for  septum,  hippocampus  and  striatum.  Ani¬ 
mals  were  sacrificed  by  decapitation  at  the  indicated  time  after  i.c.v. 
injection  of  AF64A.  Enzymatic  assays  were  performed  in  duplicate 
on  tissue  homogenates,  all  as  detailed  under  Experimental  Proce¬ 
dures.  Data  represent  the  average  (mean±S.E.M.,  n  =  3  rats  per 
group)  of  enzymatic  activity  expressed  as  percent  of  control.  AChE 
activity  in  control  group:  mean±S.E.M.,  3476  +  228,  9214  +  281  and 
20876  +  474  nmol/mg/h  in  hippocampus,  septum  and  striatum,  re¬ 
spectively.  ChAT  activity  in  control  group:  mean  +  S.E.M.,  42.1  ±3.5, 
66.5  +  5.2  and  209.7  +  7.54  nmol/mg/h  in  hippocampus,  septum  and 
striatum,  respectively.  P  <  0.05;  p  <  0.01,  compared  to  vehicle 
treated  group. 


[AF64A],  jxM 

Fig.  2.  In  vitro  effects  of  AF64A  on  mammalian  CHE  genes  and 
their  enzyme  products.  Top:  direct  AF64A  induced  inhibition  of 
cholinesterase  activities.  Inhibition  was  measured  following  incuba¬ 
tion  with  increasing  concentrations  of  AF64A  by  determining  re¬ 
maining  activities  of  AChE  and  BChE,  all  as  detailed  under  meth¬ 
ods.  Inset:  chemical  structures  of  the  cholinotoxin  AF64A  (a)  and  the 
native  choline  molecule  (b),  after  Fisher  et  al.  [6].  Bottom:  differen¬ 
tial  sensitivity  of  the  AChE  and  BChE  genes  for  transcriptional 
damage  induced  by  AF64A.  Equal  amounts  of  the  noted  plasmids 
incubated  with  the  noted  concentrations  of  AF64A  were  used  for  in 
vitro  transcription  in  the  presence  of  [-^^P]  nucleotides  followed  by 
agarose  gel  electrophoresis  and  autoradiogrephy  of  the  ^^P-labeled 
reaction  products.  Note  the  relative  resistance  to  AF64A  of  BChE  - 
as  compared  with  AChEcDNA.  The  same  results  were  obtained  for 
BChE  mRNA  transcribed  from  two  transcription  plasmids  contain¬ 
ing  the  human  BChE  coding  sequences  with  two  distinct  RNA 
polymerases  (not  shown),  demonstrating  that  the  AF64A  effects 
were  due  to  the  cDNA  seqence  and  not  to  the  type  of  RNA 
polymerase. 
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Fig.  3.  In  vivo  modifications  in  cholinesterase  mRNA  levels  following  AF64A  treatment.  RNA  was  extracted  from  septum,  hippocampus  and 
striatum  of  3  pooled  animals  7  and  60  days  post  AF64A  treatment  and  was  subjected  to  RT-PCR  procedure  [17].  PCR  products  were  detected  as 
dark  bands  after  hybridization  followed  by  autoradiography. 


Fig.  4.  PCR  display.  Differential  PCR  display  of  1  /Ag  total  RNA 
extracted  from  hippocampus,  striatum  and  septum  pooled  regions 
(from  3  animals /sample)  of  saline  ( -  )  and  AF64A  ( + )  injected  rat 
brains,  7  and  60  days  post  treatment.  Exposure  was  for  1  day  at  room 
temperature,  for  10%  of  reaction  mixture  per  lane.  PCR  fragments 
size  was  between  200  and  400  bp.  Altogether  most  of  the  PCR 
products  were  common  to  the  different  brain  regions;  some  were 
specific  for  either  striatum  (St)  or  hippocampus  (not  shown  in  this 
part  of  the  gel).  Arrows  indicate  PCR  products  whose  intensity 
changed  following  AF64A  injection. 
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Conclusions 


In  conducting  this  research,  we  employed  transgenic  Xenopus  tadpoles  to  reveal  the  molecular 
mechanisms  leading  to  the  accumulation  of  AChE  in  synapses.  We  have  found  that  the  40  amino 
acid-long  C-termind  peptide  of  the  brain  form  of  AChE  is  an  essential  requirement  for  this 
accumulation.  In  contrast,  the  42  amino  acids  of  the  “readthrough”  form  of  this  enzyme,  which  so 
far  has  been  demonstrated  only  at  the  level  of  the  ACHE  gene  and  its  mRNA  products,  supports 
epidermal  expression  and  excretion  of  a  more  hydrophilic  monomeric  form  of  this  enzyme. 

The  Xenopus  data  implied  that  to  obtain  synaptic  protection  against  OP  poisons,  one  needs  the 
brain  cDNA.  Therefore,  we  constructed  transgenic  mice  expressing  such  DNA  in  their  CNS 
neurons.  These  mice  indeed  became  resistant  to  the  hypothermia-inducing  effects  of  OPs. 

However,  they  also  developed  progressive  deterioration  of  learning  and  memory,  suggesting  that 
for  safer  protection  one  needs  to  confer  expression  of  the  transgenic  enzyme  in  tissues  other  than 
brain. 

OP  and  carbamate  interactions  of  AChE  and  BuChE  and  their  natural  variants  were  studied  in 
Xenopus  oocyte-produced  recombinant  proteins,  following  their  partial  purification  and  enrichment 
onto  selective  monoclonal  antibodies  in  microtiter  plates.  These  tests  demonstrated  that  BuChE 
interacts  faster  and  more  efficiently  than  AChE  with  a  number  of  these  anti-ChEs,  suggesting  that  it 
operates  in  vivo  as  a  scavenger  of  these  inhibitors  and  drugs  of  these  categories. 

Interestingly,  the  relatively  common  “atypical”  allelic  variant  of  BuChE  was  found  to  differ  from  its 
normal  counterpart  by  being  incapable  of  scavenging  carbamate  and  quaternary  amine  inhibitors, 
including  pyridostigmine  and  tacrine.  This,  in  turn,  implies  that  in  individuals  carrying  this  allelic 
variant,  the  effective  dose  of  anti-ChEs  would  be  higher  than  in  others,  which  may  lead  to  adverse 
responses  to  such  drugs. 

To  test  the  effects  of  cholinotoxic  damage  in  the  mammalian  brain,  we  adapted  the  use  of 
differential  PCR  display  to  dissected  brain  regions.  Using  this  method,  we  demonstrated  long- 
lasting  (months  long)  changes  in  gene  expression  in  brain  regions  of  rats  subjected  to  mild 
intoxication  of  cholinergic  neurons. 

Altogether,  the  studies  performed  in  this  first  year  of  our  research  advanced  our  knowledge 
regarding  the  biology  of  cholinergic  mechanisms  in  the  mammalian  brain  and  the  involvement  of 
ChEs  in  these  important  processes. 
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Gene  amplification  occurs  frequently  in  tumour  tissues  yet 
is,  in  general,  non-inheritable.  To  study  the  molecular 
mechanisms  conferring  this  restraint,  we  created  transgenic 
mice  carrying  a  human  butyrylcholinesterase  (BCHE)  coding 
sequence,  previously  found  to  be  amplified  in  a  father  and 
son.  Blot  hybridization  of  tail  DNA  samples  revealed  somatic 
transgene  amplifications  with  variable  restriction  patterns  and 
intensities,  suggesting  the  occurrence  of  independent 
amplification  events,  in  31%  (11/35)  of  mice  from  the  FII 
generation  but  in  only  3.5%  (2/58)  of  the  Fill  and  FFV 
generations.  In  contrast,  >  10-fold  amplifications  of  the 
BCHE  transgene  and  the  endogenous  acetylcholinesterase  and 
c-raf  genes  appeared  in  both  testis  and  epididymis  DNA  from 
>80%  of  FHI  mice.  Drastic,  selective  reductions  in  testis 
BCHEmRNA  but  not  in  actin  mRNA  were  detected  by  the 
PCR  amplification  of  testis  cDNA  from  the  transgenic  mice, 
and  apparently  resulted  in  the  limited  transmission  of 
amplified  genes.  The  testicular  amplification  of  the  BCHE 
transgene  may  potentially  represent  a  general  phenomenon 
with  clinical  implications  in  human  infertility. 

Key  words :  cholinesterase/ fertility /human/poly  merase  chain 
reaction/testicular  gene  amplification 


Introduction 

Gene  amplification  is  common  in  eukaryotic  chromosomes  of 
tumour  tissues  and  transfected  cells  (Delidakis  et  al ,  1989;  Stark 
et  al. ,  1989).  Amplification  often  provides  cells  in  which  it  occurs 
with  resistance  to  toxic  ligands  which  bind  to  the  over-expressed 
protein  products  of  the  amplified  genes  (Schimke,  1990). 
Alternatively,  over-expressed  proteins  may  support  proliferation 
as  in  the  case  of  oncogene  products  (Bishop,  1991)  or,  as  found 
in  amphibia  and  insects,  they  may  be  necessary  for  essential 


processes  during  development  (Laat  et  al. ,  1986).  The  inheritance 
of  amplified  sequences  at  a  specific  gene  locus  has  been  assessed 
in  the  present  work. 

Both  novel  point  mutations  (Cooper  and  Schmidtke,  1987)  and 
the  expansion  of  CGG  and  CTG  repeats  within  the  fragile  X 
(Oberle  etal,  1991;  Kremer  etal,  1991)  and  the  myotonic 
dystrophy  domains  (Brook  et  al. ,  1992;  Harley  et  al. ,  1992),  are 
successfully  transmitted  to  subsequent  generations.  In  contrast, 
gene  amplifications  are,  in  general,  non-inheritable.  One 
exception  is  the  heritable  esterase  gene  amplification  which 
provides  resistance  to  insecticides  in  mosquitoes  (Mouches  et  al. , 
1986).  In  humans,  the  BCHE  gene  encoding  butyrylcholinesterase 
(acylcholine  acyl  hydrolase,  BCHE,  EC.  3. 1.1.8)  was  observed 
to  be  amplified  in  a  father  and  son  exposed  to  the  Pro-insecticide 
A^-methyl  parathion,  which  functions  through  cholinesterase 
inhibition  (Prody  et  al. ,  1989).  However,  there  was  some  doubt 
as  to  whether  the  amplified  DNA  was  actually  inherited,  or 
whether  a  similar  propensity  for  amplification  in  two  genetically 
similar  individuals  was  inherited.  Subsequently,  the  BCHE 
gene,  together  with  the  related  ACHE  gene  encoding 
acetylcholinesterase  (acetylcholine  acetyl  hydrolase,  ACHE,  EC, 
3. 1.1.7)  and  several  oncogenes  were  found  to  amplify  in 
leukaemias  (Lapidot-Lifson  et  al.,  1989)  and  ovarian  tumours 
(Zakut  et  al. ,  1990)  and  in  non-cancerous  disorders  of 
haemopoietic  development,  such  as  the  impaired  megakaryo- 
cytopoiesis  in  the  autoimmune  disease  lupus  erythematosus  (Zakut 
etal.,  1992).  These  observations  make  the  BCHE  gene 
particularly  attractive  for  studies  of  the  amplification 
phenomenon.  Here,  we  describe  a  transgenic  model  for  a 
germline  BCHE  gene  amplification,  and  the  developmental 
mechanism  by  which  this  potentially  stable  amplification  event 
was  selectively  precluded  from  the  pool  of  inherited  genetic 
material. 

Material  and  methods 
Mouse  strains  and  microinjection 

The  pSVL-CHE  sequence  (see  Figure  1  for  details)  was  employed 
for  microinjection  into  fertilized  mouse  eggs  which  had  been 
flushed  from  the  oviduct  of  (C57BL/6J  x  B ALB/C)  FI  females 
mated  with  (C57BL/6J  x  DBA)  FI  males.  Manipulations  of 
the  mice  and  eggs,  and  the  microinjection  techniques,  were  as 
previously  described  (Shani,  1985). 

Probes 

Purified,  electro-eluted  probes  included  a  1.5  kb  long  EcoRI 
fragment  of  ACHEcDNA  (Lapidot-Lifson  et  al. ,  1989)  and  a 
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2.4  kb  long  Pstl-Sacl  fragment  of  BCHEcDNA  (Prody  et  al , 
1987).  C-raf  DNA  was  obtained  from  Amersham 
(Buckinghamshire,  UK).  SV-40  DNA  was  gratefully  received 
from  Professor  S.Lavi  (Tel- Aviv),  haptoglobin  cDNA-from  Dr 
E.Zerial  (Heidelberg)  and  the  1.4  kb  EcdPl  repetitive  DNA 
fragment  was  eluted  from  a  gel  following  electrophoresis  of  total 
mouse  genomic  DNA  after  digestion  with  EcoRl,  All  probes  were 
labelled  with  [^^P]dATP  by  the  random  primed  technique  using 
the  relevant  kit  from  Boehringer  (Mannheim,  Germany). 

Quantification  of  amplification  by  slot  blot  hybridization 

Denatured  genomic  DNA  from  tail,  testis  or  epididymis  was 
diluted  and  spotted  onto  Gene  Screen  filters  (NEN,  Boston,  MA, 
USA).  Slot  blot  hybridization  and  wash  stringency  were  as 
previously  detailed  (Prody  etal,  1989),  using  genomic  or 
electro-eluted  insert  DNA  supplemented  with  denatured  herring 
testis  DNA  to  yield  a  total  of  2  pg  DNA  per  slot.  Signals  were 
totally  abolished  following  DNAse  treatment  but  were  unaffected 
by  0.4  N  NaOH,  excluding  the  possibility  of  non-specific  binding 
due  to  RNA  contamination.  Exposure  was  carried  out  for  3  days 
at  —  70°C  with  an  intensifying  screen.  DNA  copy  numbers  were 
calculated  as  described  (Lapidot-Lifson  et  al,  1989)  by  using 
densitometric  comparisons  to  the  signals  obtained  with  serial 
dilutions  of  the  purified  cDNA. 

DNA  blot  hybridization 

Genomic  DNA  samples  digested  with  restriction  enzymes  were 
electrophoresed  on  1.0%  agarose  gels,  transferred  to  filters  and 
subjected  to  hybridization  under  the  same  conditions  used  for 
the  slot  blot  analyses.  Lambda  and  QX174  phage  DNAs  cut  with 
i/mdin  served  for  molecular  weight  markers.  Exposure  was 
carried  out  overnight. 

Evaluation  of  sperm  motility 

Mouse  spermatozoa  extruded  from  dissected  epididymis  were 
placed  in  50  pX  drops  on  microscope  slides  and  motility  evaluated 
at  23  °C,  essentially  as  detailed  elsewhere  (Makler,  1991). 


Results 

BCHE  coding  sequences  amplify  in  transgenic  mice 

Three  out  of  17  founder  transgenic  mice  created  as  previously 
detailed  (Shani,  1985)  with  the  BCHE  coding  sequence,  the  late 
SV-40  promoter  and  late  polyadenylation  site  (pSVL-CHE  DNA, 
Figure  1)  were  shown  by  tail  DNA  hybridization  to  carry  a  single 
transgenic  sequence  hybridizing  with  BCHEcDNA.  Two  of  these 
founders  were  mated  with  C57B1/6J  mice.  The  FI  offspring 
examined  still  carried  single  copies  of  BCHE  DNA. 

Two  independent  FII  pedigrees  were  subsequently  established 
(nos  12  and  40).  Slot  blot  hybridization  tail  DNA  demonstrated 
the  appearance  of  gene  amplification  characterized  by  a  wide 
variability  in  BCHE  DNA  copy  number  among  FII  mice  (Figure 
2).  All  mice  appeared  to  be  healthy,  and  no  tumours  could  be 
detected  in  any  of  their  tissues.  Altogether  31  %  of  the  tail  DNA 
samples  from  FII  mice  carried  multiple  (5—200)  copies  of  the 
BCHE  DNA  sequence  (Figure  3). 
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Fig.  1.  The  pSVL-CHE  DNA  construct.  The  4.7  kb  pSVL-CHE 
construct  was  created  by  ligating  the  2.3  kb  long  human  BCHE 
cDNA  insert  (Prody  et  aL,  1987),  bordered  by  Pstl  and  Sad  sites, 
into  the  pSVL  plasmid  (Pharmacia,  Sweden)  constructed  with  parts 
of  pBR  and  the  SV-40  genome.  The  7.2  kb  circular  DNA  product 
was  cut  with  the  enzymes  Ahtll  and  Narl  to  yield  the  linear  pSVL- 
CHE  transgene  which  includes  CHE  cDNA  with  upstream  SV-40 
origin  of  replication  (ori.),  late  promoter  (prom.)  and  VP-1  intron 
(int.),  and  with  the  SV-40  late  polyadenylation  site  downstream. 
Short  (30—70  bp)  sequences  from  the  pBR  plasmid  remained  at 
both  ends  of  this  construct  (hatched  boxes).  Restriction  sites  for  the 
enzymes  7a^I  (T),  BamHl  (B),  Pvull  (P)  and  EcoRl  (E)  are  noted. 
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Fig.  2,  Quantification  of  BCHE  DNA  amplification  levels  in  tail 
DNA  samples.  The  autoradiogram  of  a  slot  blot  DNA  hybridization 
experiment  with  tail  DNA  from  six  representative  transgenic  mice 
(40  II-2,  4,  9,  10  and  12  II-6,  11)  and  two  control  non-transgenic 
mice  is  shown.  DNA  quantities  are  noted.  BCHE  sequence  copy 
numbers  were  calculated  (Lapidot-Lifson  etaL,  1989)  to  be  —20 
and  100  for  mice  40  II- 10  and  12  II-ll,  respectively. 


Variable  litter  sizes 

Litter  sizes  were  highly  variable  in  the  transgenic  mice,  with  a 
range  of  3  —  13  mice  per  litter  within  11  such  litters  of  the 
FI-FIV  generations  (Figure  3).  For  comparison  with  other 
transgenic  mice  having  no  DNA  amplification,  we  recently 
observed  a  far  less  variable  range  of  10  — 12  mice  per  litter  among 
seven  litters.  Thus,  the  mere  introduction  of  an  exogenous 
transgene  was  not  sufficient  to  induce  this  variability  in  litter  sizes. 
This,  in  turn,  suggests  that  the  amplification  phenomenon  may 
be  correlated  with  reduced  fertility.  However,  because  of  these 
small  sample  sizes,  further  analyses  will  be  required  to  establish 
statistically  significant  causal  relationships  between  the  observed 
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Fig.  3.  Somatic  amplification  of  CHE  coding  sequences  in  pSVL- 
CHE  pedigrees.  Tail  DNA  from  four  generations  of  the  pS VE¬ 
CHE  pedigrees  12  and  40  was  examined  for  copy  numbers  of 
DNA  sequences  from  the  coding  regions  of  the  BCHE  and  ACHE 
genes.  Generations  (F)  are  noted  by  roman  numerals. 

Squares  —  males,  circles  =  females.  Dashed  and  black 
signs  =  >20  and  100  copies  of  BCHE  DNA,  respectively.  Double 
circle  signs  =  co-amplified  ACHE  DNA,  >100  copies.  Open 
symbols  =  non-trans genic  and  low  copy  transgenic  mice. 


DNA  amplification  and  the  apparently  reduced  fertility  in  these 
transgenic  mice. 

Limited  transmission  of  the  amplification  and  appearance  of 
amplified  ACHE  gene 

Only  3.6%  of  Fill  generation  mice  (2/55)  in  six  different  litters 
displayed  somatically  amplified  BCHE  DNA  sequences  (Figure 
3).  Blot  hybridization  revealed  major  Ttz^I-digested  BCHE  DNA 
fragments  of  different  sizes  and  confirmed  the  amplification  levels 
in  tail  DNA  from  various  mice  (Figure  4).  Since  BCHE  coding 
sequences  co-amplify  with  the  ACHE  coding  region  in  leukaemias 
(Lapidot-Lifson  et  al ,  1989),  ovarian  carcinomas  (Zakut  et  al , 
1990)  and  lupus  erythematosus  (Zakut  etal,  1992),  the 
endogenous  ACHE  DNA  coding  sequence  was  also  examined 
in  the  pSVL  CHE  transgenic  mice.  None  of  the  FII  mice 
displayed  somatic  ACHE  DNA  amplification.  In  contrast,  tail 
DNA  from  the  two  Fill  mice  carrying  amplified  BCHE  DNA, 
but  not  other  Fm  mice,  also  carried  co-amplified  ACHE  DNA 
(Figures  3  and  4).  A  unique  Taq\  restriction  pattern  was 
observed  for  the  endogenous  amplified  DNA  which  displayed 
short  DNA  fragments  hybridizing  with  the  G,C-rich  human 
[^^P]ACHEcDNA  (Soreq  etal,  1990),  easily  distinguishable 
from  the  pattern  derived  from  the  BCHE  probe  (Figure  4). 
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Fig.  4.  Restriction  fragment  analysis  of  somatic  ACHE  and  BCHE 
DNA.  Right:  10  /ig  tail  DNA  samples  from  mice  40  II- 8  and  12 
in-6  were  digested  with  Tagl,  electrophoresed  and  subjected  to 
DNA  blot  hybridization  with  BCHE  (B)  and  then  with 
ACHEcDNA  (A)  probes,  followed  by  autoradiography.  Left:  1  ng 
plasmid  DNA  which  contains  the  human  ACHE  DNA  was  cut  by 
BamKl,  electrophoresed  and  hybridized  with  the  1.5  kb  ACHE 
cDNA  probe,  to  reveal  hybridization  standard  equivalent  to  100 
copies  of  the  ACHE  sequence. 


Characterization  of  somatically  amplified  transgenic  BCHE 
DNA 

Variability  in  intensities  and  length  of  the  amplified  restriction 
fragment  were  observed  for  BCHE  DNA  fragments  in  different 
members  of  single  FII  litters  (Figure  5A),  suggesting  that 
indepenent  amplification  events  had  occurred.  Amplified  BCHE 
DNA  generally  presented  major  BamHI  fragments,  possibly  due 
to  repeated  arrangements  of  the  amplification  units.  These 
fragments,  sized  between  4.2  and  6.5  kb  each,  were  all  larger 
than  those  expected  to  be  derived  from  the  transgene. 
Rehybridization  with  SV-40  DNA  revealed  fragments  having  the 
same  sizes  as  the  major  BCHE  DNA-labelled  fragments  (Figure 
5B),  The  strong  hybridization  signal  with  the  viral  SV-40  probe 
implied  that  the  amplified  sequence  was  of  exogenous  origin. 
In  addition,  the  non-similar  intensities  of  signals  with  the  BCHE 
and  SV-40  probes  imply,  at  least  in  one  case,  variable  copy 
numbers  of  the  corresponding  regions  in  the  transgene. 
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Fig.  5.  BamHl  analysis  of  BCHE  and  SV-40  amplified  sequences 
in  tail  DNA.  10  iig  tail  DNA  samples  of  five  females,  all 
belonging  to  a  single  40  FII  litter  were  digested  by  BamWl  and 
subjected  to  blot  hybridization  with  the  BCHE  cDNA  probe  (A) 
and  the  SV-40  probe  (B).  Exposure:  A  overnight,  B  over  2  days. 
Samples,  in  the  following  order  from  left;  to  right,  were  derived 
from  mice  3,  5,  6,  4  and  2  (Fed  40,  FII  generation).  These  DNA 
samples  plus  additional  controls  were  further  subjected  to 
hybridization  with  Ec^^RI  repetitive  DNA  fragment  which  revealed 
similar,  multiband  restriction  patterns  and  similar  labelling 
intensities  with  all  the  examined  DNA  samples  (not  shown), 
implying  that  the  amplified  sequences  were  limited  in  size  and  that 
no  gross  changes  occurred  in  die  host  genome. 


Part  of  the  restriction  sites  included  in  the  original  transgene 
were  lost  in  the  amplified  pSVL-CHE  sequences  [i.e.  a  Bam\{\. 
site  missing  in  pedigree  40  FII  DNAs;  (Figure  5A,B)].  This  could 
reflect  rearrangements  within  the  amplification  unit,  a  common 
event  in  other  amplified  genes  (Libermann  et  a/.,  1985). 
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Fig.  6.  Restriction  fragment  analysis  of  amplified  ACHE  DNA  in 
testis  and  epididymis  of  pSVL-CHE  transgenic  mice.  10  /ig  DNA 
samples  from  tail  (Ta),  testis  (Te)  and  epididymis  (Ep)  of  mice 
12  in-2  and  12/40  III-2  were  digested  with  the  restriction  enzyme 
PvmU,  electrophoresed  and  subjected  to  DNA  blot  hybridization 
with  the  ACHE  cDNA  probe  followed  by  autoradiography  (right). 
Ethidium  bromide  staining  of  the  digested  samples  (left) 
demonstrates  similar  amounts  of  DNA  in  all  lanes.  Digestion  of 
EpDNA  from  sample  12  FII-2  was  apparently  incomplete. 


Amplification  of  CHE  genes  and  oncogenes  in  testis  and 
epididymis 

To  monitor  the  fate  of  the  amplified  DNA  between  generations, 
we  hybridized  DNA  from  somatic  and  germline  tissues  with 
cDNA  probes  for  ACHE,  BCHE,  the  ubiquitous  amplifiable 
oncogene  c-raf  and  the  tissue-specific  haptoglobin  gene.  Whereas 
neither  tail  (Figures  6  and  7)  nor  liver  DNA  (not  shown)  from 
any  of  the  selected  FII  or  FIE  mice  carried  somatically  amplified 
genes,  all  of  these  mice  displayed  BCHE,  c-raf  and  SV-40 
amplifications  in  DNA  from  testis  and  epididymis  (Figure  7  and 
data  not  shown).  Most  of  these  samples  also  carried  amplified 
ACHE  DNA  (Figures  6  and  7),  and  c-fes(Jps)  DNA  (not  shown). 
The  extent  of  gene  amplification  observed  with  the  various  probes 
appeared  similar  within  particular  mice.  In  contrast,  haptoglobin 
DNA  was  found  in  equally  low  copy  numbers  (1  -3)  in  all  tissues 
examined  (Figure  7).  The  Pvwll  restriction  pattern  observed  for 
the  amplified  endogenous  ACHE  gene  in  the  testis  and  epididymis 
of  the  transgenic  mice  (Figure  6)  confirmed  the  enhancement  in 
hybridization  signals  observed  by  DNA  slot  hybridization  and 
resembled,  in  all  respects,  the  pattern  observed  previously  for 
this  gene  when  amplified  in  human  peripheral  blood  cells 
(Lapidot-Lifson  et  aL,  1989;  Zakut  et  aL,  1992). 

DNA  blot  hybridization  following  EcoRl  and  PvuR  digestions 
of  epididymis  and  testis  DNA  revealed  labelled  fragments  of 
similar  sizes  using  SV-40  and  BCHE  cDNA  probes  (Figure  8). 
This  observation  demonstrated  their  transgenic  origin,  in  a 
manner  similar  to  the  somatic  amplifications.  The  observed  single 
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Fig.  7.  Selective  amplification  of  ACHE,  BCHE  and  c-ra/DNA  in  testis  and  epididymis  of  transgenic  mice.  Hybridization  with  the  ACHE, 
BCHE,  c~raf  and  haptoglobin  (Hapt.)  DNA  probes  were  performed  (as  in  Figure  2)  with  tail,  testis  and  epididymis  DNA  from  one  adult 
FII  male  and  10  FHI  males.  These  were  3  months  old  (no.  9-12,  pedigree  12  and  no.  1,  2,  pedigree  12/40)  or  4  weeks  old  (no.  24-27, 
pedigree  12/40).  Dashed  circles:  —20  copies  of  BCHE  DNA  in  tail  DNA.  Five  non-transgenic  control  mice  were  found  to  carry  single 
copies  of  each  of  the  analysed  sequences  in  all  tissues  (not  shown).  Quantification  was  done  as  described  (Lapidot-Lifson  et  ai,  1989). 


fragments,  however,  appeared  to  be  shorter  than  the  complete 
transgene  (Figure  8).  This  suggested  the  occurrence  of  deletions 
within  the  rearranged,  amplified  testicular  transgenic  sequences. 

Selective  BCHEmRNA  reductions  in  testis  of  transgenic  mice 

To  search  for  putative  correlations  between  the  testicular  gene 
amplifications  and  spermatogenesis,  developmental  alterations 
were  pursued.  There  were  no  clear  differences  in  BCHE,  ACHE 
and  c-ra/copy  numbers  between  testis  and  epididymis  DNA  from 
adult  mice.  However,  in  4-week-old  mice  the  hybridization 
signals  with  DNA  from  testis,  which  at  this  age  is  poorer  in 
mature  sperm  cells,  were  significantly  lower  than  those  observed 
with  epididymis  DNA  (Figure  7).  This  observation  potentially 
correlated  the  amplification  phenomenon  with  sperm  cell 
maturation.  Interestingly,  similar  increases  occur  in  copy  numbers 
of  the  CGG  and  CTG  repeats  in  the  fragile  X  and  myotonic 
dystrophy  genes  during  germ  cell  development  (Oberle  et  al , 
1991;  Kremer  et  al,  1991;  Brook  et  al,  1992;  Harley  et  al, 
1992).  The  loss  of  amplification  from  subsequent  generations 
could  hence  be  due  to  the  defective  properties  of  germ  cells  in 
which  the  amplification  occurred. 

Further  experiments  were  initiated  to  examine  transcription  in 
testis  tissue  from  the  transgenic  mice.  Gene  expression  in 
mammalian  spermatogenic  tissue  is  considered  to  be  confined 
to  the  limited  number  of  transcripts  essential  for  germ  cell 


development  and/or  function  (Richler  et  al ,  1992;  Willison  and 
Ashworth,  1987).  Cholinesterase  and  choline  acetyltransferase 
activities  were  observed  in  mammalian  sperm  cells  (Rama  Sastry 
and  Sadavongvivad,  1979;  Rama  Sastry  etal,  1981),  and 
several  reports  have  implicated  acetylcholine  with  sperm  motility 
(Ibanez  et  al ,  1991).  The  presence  of  BCHEmRNA  transcripts 
was  therefore  examined  in  testis  of  control  and  transgenic  mice 
by  the  use  of  direct  reverse  transcription  coupled  with  PCR 
amplification  (RNA-PCR).  Parallel  RNA-PCR  amplification 
was  performed  with  primers  from  the  mouse  gene  encoding 
smooth  muscle  7-actin  (SMGA),  which  is  one  of  the  few 
transcripts  known  to  be  expressed  during  spermiogenesis  (Kim 
etal,  1989). 

Total  RNA  from  testis  of  two  control  mice  and  six  transgenic 
mice  carrying  between  five  and  15  copies  of  the  amplified  genes 
in  their  testis  DNA  displayed  apparently  similar  levels  of  actin 
mRNA  (Figure  9).  In  addition,  testis  smears  from  adult  transgenic 
mice  showed  normal  density  and  a  regular  morphology  of  sperm 
cells.  An  apparently  normal  motility  was  observed  in  sperm  cells 
extruded  from  epididymal  preparations  of  these  mice.  In  contrast, 
the  results  of  RNA-PCR  using  BCHE  primers  reflected  drastic 
reductions  in  BCHEmRNA  levels  in  the  testis  of  transgenic  mice 
carrying  pSVL-CHE  amplifications  versus  control  mice  (Figure 
10),  In  two  of  the  transgenic  mice,  the  BCHE  PCR  product  could 
not  be  observed  at  all.  This  result  implies  that  testis  RNA  from 
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Fig.  8.  jEcoRI  and  PvmII  analysis  of  BCHE  and  SV-40  amplified 
sequences  in  testis  and  epididymis  DNA.  10  fig  testis  (Te)  and 
epididymis  (Ep)  DNA  samples  from  mice  12/40  Fill  nos  2  and  1, 
respectively  (see  Figure  7),  were  cut  separately  by  £^coRI  and  Pvull 
and  were  hybridized  with  BCHE  and  SV-40  probes.  Restriction 
sites  for  PvuU  and  EcoRl  within  the  pSVL-CHE  are  shown  above. 
Rehybridization  with  isolated  300  bp  long  SV-40  origin  probe 
demonstrated  that  this  sequence  is  included  in  the  amplified  DNA, 
indicating  a  tandem  organization. 


the  transgenic  mice  included  <  Itf^  molecules/jttg  based  on  the 
kinetic  follow-up  of  this  PCR  amplification  using  in-vitro 
transcribed  deleted  BCHE  RNA  (G. Ehrlich  et  al ,  unpublished 
observations).  In  contrast,  the  levels  of  the  BCHE  PCR  product 
from  somatic  tail  RNA  were  >  10^  molecules//Ag  and 
indistinguishable  in  control  and  transgenic  mice  presenting  no 
somatic  amplifications  (Figure  10).  This  evidence  showed  that 
the  BCHE  gene  structure  and  its  transcriptional  ability  in  somatic 
tissues  of  the  transgenic  mice  were  normal,  and  focused  the 
transcriptional  damage  to  the  testis  tissue. 


Discussion 

We  have  observed  in  transgenic  mice  the  occurrence  of  testicular 
gene  amplification,  the  somatic  amplification  of  the  BCHE  cDNA 
transgene  which  was  limited  to  two  generations  and  a  concomitant 
variability  in  litter  sizes  which  could  reflect  reduced  fertility.  The 
finding  of  somatic  and  testicular  gene  amplifications  presented 
in  this  report  demonstrates  that  in-vivo  DNA  amplifications  may 
occur  during  germ  cell  development  and  are  not  limited  to 
cancerous  tissues  and  cultured  cells.  This  extends  recent 
observations  of  heritable  CGG  repeat  expansion  related  with  the 
X-linked  mental  retardation  syndrome  (Oberle  etaL,  1991; 
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Fig.  9,  Maintenance  of  actin  mRNA  levels  in  testis  of  transgenic 
mice.  Testis  (Tes)  and  tail  (Ta)  RNA  was  extracted  from  control 
(C)  mice  and  from  six  adult  transgenic  (T)  mice:  2,  3,  4  =  12/40 
FIV-1,  2,  3,  PI  =  pooled  RNA  from  mice  12  FIII-11,  12  and 
12/40  Fm-l  (Figure  3).  Reverse  transcription  was  performed  using 
the  RNA— PCR  kit  (Perkin  Elmer  Cetus,  Norwalk,  CT,  USA) 
following  the  manufacturer’s  recommendations,  except  that 
incubation  with  MuLV  reverse  transcriptase  was  extended  for 
25  min.  PCR  amplification  of  the  resultant  Actin  cDNA  (35  cycles) 
was  performed  using  oligodeoxynucleotide  primer  pairs  from  two 
different  exons  in  the  mouse  smooth  muscle  actin  7-actin  (SMGA) 
(Kim  etal,  1989),  primers  mACT  822(4-),  5TGAAACAACATA- 
CAATTCCATCATGAAGTGTGAC-3'  and  1171(-),  5'-TGGCT- 
GGTGACCAAGTCTTGTGGGGAT-3'.  See  Nakqjima-Iijima  et  ah 
(1985)  and  Veyama  et  al.  (1984)  for  details  on  actin  gene  structure. 
Upstream  and  downstream  orientations  are  noted  by  (-H)  and  (-) 
signs,  respectively.  Numbers  indicate  the  5'  end  position  in  each  of 
these  primers  within  the  relevant  cDNA  sequence.  The  positions  of 
the  primers  within  different  exons  are  shown  (down).  RNA -PCR 
products  (20%)  were  electrophoresed  on  3%  nussieve-1%  agarose 
gels,  in  Tris— acetate  buffer.  Ethidium  bromide  staining  of  the 
RNA -PCR  products  is  shown.  M  =  DNA  size  marker. 

(+)  =  reactions  carried  out  in  the  presence  of  reverse 
transcriptase.  (-)  =  control  reactions,  without  the  enzyme, 
demonstrating  the  absence  of  contaminating  DNA  (one  of  two 
independent  experiments). 


Kremer  et  al ,  1991;  Sutherland  et  al ,  1991)  and  CTG  repeat 
expansion  related  to  myotonic  dystrophy  (Brook  et  al,  1992; 
Harley  et  al,  1992). 
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Fig.  10.  Selective  reduction  in  RNA  — PCR-measured  BCHE 
mRNA  levels  in  testis  of  transgenic  mice  carrying  amplified 
sequences.  Experimental  details  were  as  in  the  legend  to  Figure  9, 
except  that  the  following  BCHE  primers  from  exons  2  and  3  were 
employed:  BCHE  128 1(+),  5'-AGACTGGGTAGATGATCAGAG- 
ACCTGAAAACTACCG-3'  and  1635(-),  5'-GACAGGCCAGCTT 
GTGCTATTGTTCTGAGTCTCAT-3',  complementary  to  human 
BCHE  cDNA  (Prody  et  al,  1987).  Cycle  numbers  were  35  for  tail 
BCHE  mRNA  (right),  42  for  testis  BCHE  (left).  See  Arpagaus 
et  al  (1990)  for  details  on  BCHE  gene  structure.  One  of  two 
independent  experiments. 


The  stable  integration  of  the  pSVL-CHE  transgenic  DNA  into 
the  mouse  genome  may  be  assumed  to  reflect  a  random  event 
(Jaenisch,  1988).  Yet,  its  amplification  in  two  different  pedigrees 
could  have  occurred  by  several  mechanisms,  independent  of  the 
insertion  sites  and  thereby  of  sequences  flanking  the  foreign 
DNA.  SV-40  replication  generally  depends  on  the  presence  of 
the  large  T-antigen  (Piers  et  al ,  1978).  Therefore,  it  is  unlikely 
that  this  amplification  was  due  to  the  SV-40  origin  alone. 
Nevertheless,  the  unique  transmission  pattern  of  the  amplified 
sequences  is  noteworthy,  regardless  of  the  initial  cause  for  this 
phenomenon.  The  BCHE  DNA  sequence  could  have  m-activated 
randomly  localized  origins  of  replication  in  the  host  DNA  adjacent 
to  the  transgene  insertion  sites.  Alternatively,  it  could  contain 
an  intrinsic  signal  capable  of  directing  its  own  amplification  in 
vivo.  If  so,  it  could  have  replicated  independently  from  the  mouse 
genomic  DNA  during  sperm  development,  when  the  host  DNA 
is  densely  packed  (Huret,  1986)  and  so  less  available  for  the 
incorporation  of  a  foreign  DNA  into  its  chromatin  structure. 
Interestingly,  the  3q26  chromosomal  site  where  the  human  BCHE 
gene  resides  (Gnatt  et  al,  1990)  carries  an  integration  site  for 
retroviruses  (Soreq  and  Zakut,  1993).  This  site  could  hence  be 
directly  involved  in  the  first  amplification  event  of  this  gene  in 
humans  as  well  (Prody  etal,  1989). 


Our  findings  raise  the  possibility  that  certain  gene  loci  would 
be  particularly  vulnerable  for  germ  cell  gene  amplification 
following  viral  infection.  Initial  changes  in  gene  dosage  by 
chromosome  non-disjunction  may  trigger  a  general  loss  of 
accuracy  in  DNA  replication  (Holliday,  1989),  and  the  co¬ 
amplification  of  several  genes  frequently  occurs  in  cultured  cells 
(Pauw  etal,  1986).  Therefore,  we  consider  that  additional 
unexamined  genes  may  also  have  undergone  amplification  in  our 
model  system.  To  the  best  of  our  knowledge,  there  are  no 
previous  examples  of  human  DNA  sequences  undergoing 
amplification  in  transgenic  mice;  neither  are  there  any  indications 
that  the  amplification  of  a  particular  gene  in  transgenic  mice  may 
initiate  a  chain  reaction  resulting  in  the  amplification  of  otherwise 
unlinked  DNA  sequences. 

In  view  of  our  previous  findings  of  ACHE,  BCHE  and  c-raf 
co-amplifications  in  human  cancers  (Soreq  and  Zakut,  1990),  one 
might  suggest  that  the  ACHE  and  BCHE  genes,  which  are 
positioned  on  separate  chromosomes  in  humans  (Gnatt  et  al. , 
1990;  Ehrlich  et  al,  1992),  belong  to  an  interrelated  family  of 
autosomal  genes  which  co-amplify  in  various  biosystems.  Above 
a  threshold  copy  number  of  one  of  these  genes,  the  initial 
amplification  event  may  have  disrupted  a  natural  equilibrium 
which  under  normal  conditions  prevents  the  uncontrolled 
amplification  of  multiple  genes.  This  process  could,  for  example, 
operate  by  the  removal  of  an  inhibitory  protein  element  from 
the  relevant  DNA  sites,  explaining  the  similar  extents  of 
amplification  among  various  dispersed  endogenous  amplifiable 
mouse  genes,  in  Fill  testis. 

Our  present  observations  imply  that  developing  spermatozoa 
may  be  particularly  vulnerable  for  cascade  reactions  of  gene 
amplification,  consistent  with  the  variable  litter  sizes  in  the 
transgenic  mice.  The  BCHE  DNA  amplifications  observed  in  tail 
DNA  from  FII  mice,  and  which  presumably  occurred  in  FI 
testis,  do  not  appear  to  have  imposed  an  impediment  to  their 
heritability.  In  contrast,  the  selective  decrease  in  BCHE  gene 
expression  in  the  testis  of  the  transgenic  mice  carrying  multiple 
amplified  genes  apparently  accompanied  reduced  fertilizing 
capacity  of  sperm  cells  carrying  the  amplifications.  This  could 
potentially  be  due  to  the  amplification  of  additional  genes,  and 
particularly  the  endogenous  ACHE  gene.  Interestingly,  the 
ACHE  and  BCHE  genes  are  co-regulated  in  multiple  systems 
(Layer,  1991),  perhaps  indicating  competition  for  common 
transcription  factors,  or  direct  or  indirect  feedback  interactions 
involving  the  protein  products.  Either  of  these  possibilities  could 
implicate  ACHE  gene  amplifications  with  reduced  BCHE 
transcription. 

The  litter  size  variability  observed  in  our  transgenic  mice 
reflects  an  apparent  defect  in  fertility.  Although  qualitative 
evaluation  failed  to  detect  differences  in  sperm  motility,  we  cannot 
exclude  the  possibility  that  minor  yet  effective  changes  in  sperm 
motility  did  indeed  occur.  Parallel  phenomena  may  hence  occur 
in  humans  as  well,  particularly  following  viral  infections  and/or 
gene  amplification  events.  This  calls  for  further  refinement  of 
sperm  motility  measurements.  Defects  in  human  sperm  motility, 
which  are  probably  associated  with  cholinergic  signalling  (Rama 
Sastry  etal,  1981),  constitute  one  of  the  primary  factors  in 
human  male  infertility  (Chandley,  1988).  The  recently  cloned 
promoter  of  the  human  ACHE  gene  (Ben  Aziz-Aloya  et  al , 
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1993)  resembles  promoters  of  other  testicularly  expressed  genes 
in  its  contents  of  consensus  motifs  for  binding  transcription 
factors.  If,  indeed,  CHE  gene  amplifications  also  occur  in  human 
sperm  cells,  they  could  induce  defects  in  fertility  and  remain 
unnoticed.  In  contrast  with  mice,  where  the  observed  reduction 
in  fertility  was  rather  limited,  parallel  amplifications  in  humans 
may  affect  fertility  more  drastically  because  of  the  smaller  size 
progeny.  Other  gene  amplifications  may  similarly  affect  additional 
yet  undefined  vital  processes  in  sperm  development.  The  gonadal 
amplification  phenomena  observed  in  this  study  may  potentially 
represent  a  case  study  of  a  general  phenomenon  which  calls  for 
clinical  investigation  in  infertile  humans. 
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Abstract 

To  study  the  mechanisms  underlying  cholinotoxic  brain  damage,  we  examined  ethylcholine  aziridinium  (AF64A)  effects  on 
cholinesterase  genes.  In  vitro,  AF64A  hardly  affected  cholinesterase  activities  yet  inhibited  transcription  of  the  G,C“rich  AChE 
DNA  encoding  acetylcholinesterase  (AChE)  more  than  the  A,T-rich  butyrylcholinesterase  (BChE)  DNA.  In  vivo,  intracere- 
broventricular  injection  of  2  nmol  of  AF64A  decreased  AChE  mRNA  in  striatum  and  septum  by  3-  and  25-fold  by  day  7,  with  no 
change  in  BChE  mRNA  or  AChE  activity.  In  contrast,  hippocampal  AChE  mRNA  increased  10-fold  by  day  7  and  BChE  mRNA 
and  AChE  activity  decreased  2-foId.  By  day  60  post-treatment,  both  AChE  mRNA  and  AChE  levels  returned  to  normal  in  all 
regions  except  hippocampus,  where  AChE  activity  and  BChE  mRNA  were  decreased  by  2-fold.  Moreover,  differential  PCR 
displays  revealed  persistent  induction,  specific  to  the  hippocampus  of  treated  rats,  of  several  unidentified  G,C-rich  transcripts, 
suggesting  particular  responsiveness  of  hippocampal  G,C-rich  genes  to  cholinotoxicity. 

Keywords:  Acetylcholinesterase;  AF64A;  Butyrylcholinesterase;  Differential  PCR  display;  Hippocampus;  RT-PCR;  Septum 


1.  Introduction 

Cholinergic  deficits  have  been  associated  with  sev¬ 
eral  neurodegenerative  disorders  such  as  Alzheimer 
and  Huntington’s  diseases  [33],  suggesting  that  finely 
balanced  cholinergic  metabolism  contributes  to  the 
maintenance  of  central  nervous  system  circuits.  There¬ 
fore,  understanding  the  molecular  and  neurochemical 
changes  underlying  cholinergic  signalling  can  assist  in 
deciphering  the  causes  for  such  diseases. 

An  animal  model  in  which  a  selective  cholinergic 
deficit  has  been  induced  is  the  ethylcholine  aziridinium 
(AF64A)  treated  rat  [6].  AF64A  is  structurally  similar 
to  choline,  with  the  distinction  that  it  possesses  an 
ethyl  moiety  and  an  aziridinium  ion.  It  is  taken  up  by 
cholinergic  neurons  via  the  high  affinity  choline  trans¬ 
port  system  [20]  and  causes  a  specific  and  long  lasting 
reduction  in  the  concentration  and  the  activity  of 
cholinergic  pre-synaptic  biochemical  markers  [21,28]. 
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These  markers  include  the  neurotransmitter  acetyl¬ 
choline  (ACh),  the  ACh  hydrolysing  enzyme  acetyl¬ 
cholinesterase  (AChE),  the  ACh  synthesizing  enzyme 
choline  acetyltransferase  (ChAT)  [16],  and  the  high 
affinity  transport  system  for  choline,  which  is  the  rate 
limiting  step  in  ACh  synthesis  [22].  In  addition,  rats 
treated  with  AF64A  also  show  behavioral  cognitive 
deficits,  suggesting  that  loss  of  synapses  has  occurred 
[2]. 

Referring  to  the  analogy  between  AF64A  and 
choline,  and  the  presence  of  the  highly  reactive  aziri¬ 
dinium  ion  which  is  susceptible  to  nucleophilic  attack 
[12],  it  was  suggested  that  AF64A  serves  as  a  potent 
inhibitor  of  enzymes  that  have  affinity  for  choline,  such 
as  ChAT  and  AChE  [29].  However,  like  other  aziri¬ 
dinium  compounds,  AF64A  was  also  found  to  react 
with  DNA,  to  induce  DNA  damage  and  to  cause 
premature  termination  of  RNA  transcription  in  vitro  in 
a  dose-dependent  fashion.  This  probably  occurs 
through  direct  interaction  with  the  N-7  position  in 
guanines  in  the  DNA  molecule  [7].  Thus,  the  cholino¬ 
toxic  effects  of  AF64A  could  be  attributed  to  its  in- 
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hibitoiy  action  on  cholinergic  enzyme  activities,  to  in¬ 
terference  with  the  synthesis  of  such  enzymes,  to  its 
DNA  damaging  activity  on  G,C-rich  genes  or  to  all  of 
these  actions  together. 

AChE  and  the  closely  related  acetylcholine  hydro¬ 
lyzing  enzyme,  butyrylcholinesterasc  (BChE)  are  highly 
similar  in  their  amino  acid  sequence  (50%  identity  in 
humans)  [31],  and  in  their  computer  modelled  three 
dimensional  structure  [10],  yet  vary  in  their  substrate 
specificity  and  in  their  interaction  with  inhibitors 
[19,27].  In  addition,  the  rat  AChE  gene  is  G,C-rich 
(59%)  [14]  like  its  human  homolog  [30],  with  high 
predicted  sensitivity  to  guanine  binding  agents,  whereas 
the  BChE  gene  is  A,T-rich  (67%)  [26]  and  may  be 
expected  to  be  less  sensitive  to  such  agents.  This  differ¬ 
ence  made  the  two  cholinesterase  genes  appropriate 
models  for  the  in  vitro  studies  described  in  this  report 
on  the  effectiveness  of  AE64A  on  cholinergic  gene 
expression  and/or  enzymatic  activities.  In  parallel,  we 
further  examined  the  effects  of  intracerebroventricular 
(i.e.v.)  administration  of  AF64A  on  cholinergic  enzyme 
activities  and  determined  the  in  vivo  effect  of  AF64A 
on  cholinesterase  mRNA  levels  by  reverse  transcrip¬ 
tion  coupled  with  DNA  amplification  (RT-PCR)  in 
different  rat  brain  areas.  To  compare  the  pattern  of 
expression  of  G,C-rich  genes  in  brains  from  AF64A 
treated  and  control  rats,  differential  PCR-displays  [18] 
were  prepared  with  an  arbitrary  G,C-rich  primer  [32]. 
Our  findings  suggest  a  consistent  correlation  between 
the  cholinotoxic  effects  of  AF64A  on  G,C-rich  se¬ 
quences  in  vitro  and  in  vivo  and  suggest  the  use  of  this 
approach  for  identifying  the  target  genes  to  cholino¬ 
toxic  agents, 

2.  Materials  and  methods 

2.1.  Stereotactic  sur^^eiy  and  i.e.r.  AF64A  infusion 

Male  Sprague-Dawley  rats  (Zivic  Miller  Laboratories,  Allison 
Park.  PA)  weighing  between  250  and  350  g  were  housed  in  groups  of 
2/cagc.  in  a  room  that  was  maintained  on  a  12-h  dark-light  cycle. 
Animals  had  free  access  to  water  and  food  ad  libitum.  AF64A  was 
prepared  as  previously  described  [6],  An  aqueous  solution  of 
acetylethylcholine  mustard  MCI  (1.0  nmol/1)  was  adjusted  to  pH  1 1.5 
with  NaOH  and  stirred  at  room  temperature  for  20  min,  after  which 
pH  was  brought  to  7.3  with  HCl,  and  the  solution  stirred  at  room 
temperature  for  another  60  min.  This  solution  w^as  prepared  freshly 
prior  to  each  experiment,  and  subsequent  to  these  procedures  the 
solution  was  kept  on  ice  during  the  time  required  for  surgerx'  (up  to  6 
h). 

Animals  w^ere  anesthetized  with  chloral  hydrate  (350  mg/kg)  and 
positioned  in  a  Kopf  small  animal  stereotactic  frame.  Two  needles 
(26  gauge)  were  passed  through  parallel  drilled  holes  in  the  skull  and 
positioned  bilaterally  in  the  ventricles  at  the  following  stereotaxic 
coordinates  from  the  bregma:  posterior  0.8  mm,  lateral  ±  1.5  mm, 
and  ventral  3.6  mm.  AF64A  (2.0  nmol/ 1.5  ^tl)  or  an  equal  volume  of 
vehicle,  was  infused  bilaterally  at  a  flow  rate  of  0.5  ^tl/min.  The 
needles  were  left  in  place  lor  5  min  after  completion  of  the  infusion; 
after  which  they  were  slowly  pulled  out. 


2.2.  7'issue  preparation 

At  each  predetermined  time  point  post-AF64A  administration 
the  rat  was  decapitated,  and  its  brain  was  removed  and  placed  on  an 
ice-cold  surface.  Specific  brain  regions  were  dissected  out  and  frozen 
as  soon  as  possible  on  dry-ice,  then  stored  at  -70°C  until  biochemi¬ 
cal  and  molecular  analyses  could  be  carried  out.  Before  the  enzyme 
assay,  tissues  were  thawed  and  homogenized  in  ice-cold  sodium 
phosphate  buffer  (75  mM,  pH  7.4,  1  /2()  w/v). 

2.3.  Cholinergic  enzytne  activity  assays 

ChAT  activity  assays  w'ere  performed  according  to  El-Tamer  et 
al.  [5].  Briefly,  homogenate  (10  ^il)  was  added  to  10  fi\  of  buffer 
substrate  mixture  containing:  sodium  phosphate  75  mM  (pH  7.4), 
NaCl  600  mM,  MgCL  40  mM,  Eserine  2.0  mM,  bovine  serum 
albumin  0.05'!>f.  choline-iodide  10  mM,  and  [  'Hjacetyi-coenzyme  A 
0.87  mM  (18.6  mCi/mmol).  After  30  min  of  incubation  at  37°C,  the 
tubes  were  placed  on  ice  and  150  p.\  of  sodium  tetraphenylboron 
solution  (75  mg/ml  in  3-heptanone)  w^as  added  to  each  tube  in  order 
to  extract  the  newly  .synthesized  radiolabeled  ACh.  Tubes  were  then 
vortexed,  and  after  centrifugation  100  ^1  of  the  top  organic  layer 
were  taken  to  measure  the  amount  of  ['^HjACh  extracted  from  the 
buffer,  using  liquid  scintillation  spectrometiy.  The  amount  of  ra¬ 
dioactivity  extracted  from  buffer  incubated  in  parallel,  without  tissue, 
was  subtracted  as  blank. 

2.4.  Cholinesterase  activities 

Cholinesterase  activities  in  brain  tissues  were  measured  accord¬ 
ing  to  the  procedure  adapted  and  described  by  Leventer  et  al.  [15]. 
Alternatively,  for  the  in  vitro  studies,  AChE  and  BChE  activities 
were  measured  spectrophotometrically  as  detailed  elsewhere  [24]. 

2.5.  Statistical  analysis 

Statistical  analysis  of  the  data  was  performed  by  the  one-way 
analysis  of  variance  (ANOVA)  and  Ducan's  Multiple-Range  tests. 
Differences  were  considered  significant  if  they  had  a  P  value  of  0.05 
or  less. 

2.6.  In  vitro  transcription  of  AChE  and  BChE  mRNAs  in  the  presence 
of  A  F64A 

Three  transcription  plasmids  containing  the  cDNAs  encoding  for 
human  cholinesterases  were  used:  pSP64  BChE  (Promega  Corpora¬ 
tion,  Madison,  WI)  which  contains  the  sp6  RNA  polymerase  binding 
site  and  liBChE  coding  sequence  [24];  pGEM-ZF(  +  )  (Promega 
Corporation,  Madison,  Wl),  which  contains  the  T7  RNA  polymerase 
binding  site  and  the  hAChE  coding  sequence  [30,4]  and  a  Bluescript 
SK(  +  )  from  Stratagene  (La  Jolla,  CA)  with  T3  RNA  polymerase 
binding  site  and  the  human  BChE  cDNA  [24].  This  latter  plasmid 
was  used  to  compare  AF64A  effects  on  transcription  of  a  single 
cDNA  primed  by  different  RNA  polymerases.  Plasmid  DNAs  were 
incubated  with  different  concentrations  of  AF64A  for  60  min  at 
37°C.  DNA  was  then  purified  by  two  ethanol  precipitations.  Tran¬ 
scription  was  performed  using  the  transcription  kit  RPN  #2006  from 
Amersham  International  (Buckinghamshire,  England)  on  linearized 
transcription  plasmids  according  to  manufacturer’s  instructions  and 
using  the  appropriate  RNA  polymerase.  RNA  molecules  were  radio- 
labeled  by  adding  to  the  reaction  mixture  10  /xCi  of  ['^~P]LfTP  (800 
Ci/mmol)  for  each  5  pig  of  control  or  AF64A-treated  DNA.  Radio- 
labeled  transcription  products  were  denatured,  electrophoresed  on 
polyacrylamide  gels  (597)  containing  7  M  urea  and  exposed  to  Kodak 
lilm  autoradiography.  Quantification  of  the  transcription  products 
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was  performed  by  densitometric  analysis  of  the  film  using  the  Soft 
Laser  Scanning  Densitometer  Model  SL-TRFF  (Biomed  Instru¬ 
ments,  CA,  USA)  as  detailed  previously  [13]. 

2.7.  RT-PCR  analysis  of  cholinesterase  mRNA  transcripts  in  different 
rat  brain  regions 

Frozen  brain  regions  were  extracted  by  the  RNAzol  B 
(Cinna/Biotex  Laboratories,  Inc,  Houston,  TX)  to  yield  total  RNA 
according  to  manufacturer’s  instructions.  Purified  RNA  samples 
were  kept  at  “  70°C.  100  ng  of  each  RNA  sample  were  subjected  to 
reverse  transcription  using  reverse  transcriptase  (Gibco  BRL  Life 
Technologies  Inc.  Gaithersburg,  MD)  followed  by  specific  primer 
annealing  and  PCR  conditions  essentially  as  described  elsewhere  [17] 
with  aliquots  taken  out  every  4  cycles  starting  at  cycle  26.  PCR 
primers  used  in  this  experiment  were  1522( +  )/2003(- )  and  271 
(  +  )/457(-)  for  the  human  AChE  and  BChE  genes,  respectively, 
and  822(  +  )/996(-)  for  the  rat  /3-actin,  all  as  described  elsewhere 
[17]. 

Quantification  of  the  RT-PCR  data  was  based  on  comparing  the 
accumulation  rate  of  PCR  fragments  deriving  from  the  total  RNA 
extraction  to  that  resulting  from  in  vitro  transcribed  specific  RNA  as 
detailed  elsewhere  [17]. 

2.8.  Differential  PCR  display 

The  PCR  display  was  essentially  as  described  [32]  except  that  1 
fjLg  total  RNA  was  used  for  each  reaction  and  that  the  arbitrary 
primer  used  included  60%  G,C  residues:  5'-CCTCCGCGAGAT- 
CATCT-3'.  Also,  25  mM  of  each  dNTP  was  included  and  the 
annealing  temperature  for  the  high  stringency  cycles  was  55°C. 
Exposure  was  for  1  day  at  room  temperature. 


3.  Results 

3.1.  AF64A  modulates  cholinergic  enzyme  activities  in 
vivo 

AF64A  effects  on  different  cholinergic  markers  in 
vivo  were  first  measured  in  a  time-dependence  study. 
To  address  the  cholinergic  deficits  following  i.c.v.  ad¬ 
ministration  of  2  nmol  AF64A,  we  determined  the 
enzymatic  activities  of  AChE  and  ChAT  in  different 
brain  regions.  Septal  AChE  showed  a  slight  but  signifi¬ 
cant  reduction  (25%)  which  occurred  late,  at  60  days 
post-injection,  while  striatal  AChE  activity  remained 
apparently  unchanged  until  day  60.  In  contrast,  AChE 
activity  in  hippocampus  was  reduced  to  50-60%  of 
control  at  day  7  through  60  post-AF64A  administration 
(Fig.  1).  The  enzymatic  activity  of  ChAT  showed  a 
different  pattern:  septal  ChAT  activity  was  significantly 
increased  by  35%  {P  <  0.01)  on  day  7,  returned  to 
normal  level  by  day  14  and  decreased  by  20%  by  day  60 
post-AF64A  treatment.  In  the  striatum,  ChAT  activi¬ 
ties  remained  normal  after  0.5,  1.0  and  2  nmol/side 
AF64A  at  all  of  these  time  points  (Fig.  1,  and  El-Tamer 
et  al.,  unpublished  data).  However,  hippocampal  ChAT 
activity  was  significantly  decreased  to  40-50%  of  con¬ 
trol  level  at  day  7  through  60,  corroborating  previous 


Days  post-AF64A 


Fig.  1.  In  vivo  effects  of  AF64A  on  cholinergic  markers.  Time-de- 
pendent  effects  of  AF64A  (2.0  nmol/side)  on  AChE  and  ChAT 
activities  are  presented  for  septum,  hippocampus  and  striatum.  Ani¬ 
mals  were  sacrificed  by  decapitation  at  the  indicated  time  after  i.c.v. 
injection  of  AF64A.  Enzymatic  assays  were  performed  in  duplicate 
on  tissue  homogenates,  all  as  detailed  under  Experimental  Proce¬ 
dures.  Data  represent  the  average  (mean  ±S.E.M.,  ^  =  3  rats  per 
group)  of  enzymatic  activity  expressed  as  percent  of  control.  AChE 
activity  in  control  group:  mean  +  S.E.M.,  3476  +  228,  9214  +  281  and 
20876  +  474  nmol/mg/h  in  hippocampus,  septum  and  striatum,  re¬ 
spectively.  ChAT  activity  in  control  group:  mean  +  S.E.M.,  42.1  +  3.5, 
66.5  +  5.2  and  209.7  +  7.54  nmol/mg/h  in  hippocampus,  septum  and 
striatum,  respectively.  *  P  <  0.05;  **  p  <  0.01,  compared  to  vehicle 
treated  group. 

observations  [5].  The  biochemical  measurements  thus 
revealed  a  particular  long-term  vulnerability  to  AF64A 
effects  for  cholinergic  enzyme  activities  in  the  hip¬ 
pocampus. 

3.2.  Differential  in  vitro  inhibition  of  cholinesterases  by 
AF64A 

In  order  to  directly  test  the  sensitivity  of  AChE  and 
BChE  to  AF64A,  we  performed  a  kinetic  spectropho- 
tometric  analysis  of  enzymatic  activity  following  pre-in¬ 
cubation  of  AF64A  in  a  concentration  range  of  1  to 
1000  /llM,  with  the  tested  enzymes.  In  this  range  of 
AF64A  concentration  our  measurements  fully  reflected 
the  interaction  of  the  released  thiocholine  product  with 
DTNB  [24],  and  the  color  reduction  under  these  exper¬ 
imental  conditions  was  due  to  enzyme  inhibition  alone 
[9].  Following  45  min  incubation  of  AChE  and  BChE 
with  AF64A  at  room  temperature,  a  dose-dependent 
reduction  of  the  catalytic  activity  of  these  enzymes  was 
observed  (Fig.  2,  Top).  A  significant  inhibition  of  BChE 
was  only  detected  at  concentrations  higher  than  500 
juM  of  the  inhibitor  and  was  limited  to  32%  inhibition 
at  1  mM  AF64A.  In  contrast,  AChE  activity  was  sensi- 
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tive  to  concentrations  of  AF64A  as  low  as  100  /jlM  and 
60%  inhibition  was  caused  in  the  presence  of  1  mM 
AF64A  (Fig.  2,  Top).  Similar  results  were  obtained 
following  incubation  at  a  physiological  temperature 
(37°C;  results  not  shown).  At  the  high  concentration  of 
AF64A  used  in  vitro,  one  would  expect  susceptability 
to  nucleophilic  attack  by  cholinesterase  activities. 
Moreover,  at  the  physiologically  effective  average  AF 
64A  concentration  of  5-20  (based  on  administra¬ 
tion  of  2  nmol  AF64A  to  approximately  160  ml  CSF 
per  ventricle,  after  Hebei  and  Stromberg  [11]),  neither 
of  the  enzymes  should  be  inhibited.  Therefore,  we  next 
focused  our  investigation  on  measurements  at  the 
mRNA  level. 

3.3.  Pretreatment  of  cholinesterase  cDNAs  with  AF64A 
causes  differential  damage  to  in  vitro  transcription 

To  compare  the  sensitivity  of  the  AChE  and  BChE 
genes  to  AF64A,  plasmid  DNAs  carrying  each  of  these 
cholinesterase  coding  sequences  were  subjected  to  in 
vitro  transcription  following  pre-incubation  with  12.5- 
100  of  AF64A.  Significant  reductions  were  ob¬ 
served  in  the  yields  of  '^^P-labeled  RNA  transcripts 
from  both  AChE  and  BChE  cDNA  in  a  dose-depend¬ 
ent  manner,  however,  to  different  extents.  While  yields 
of  AChE  mRNA  transcripts  were  reduced  to  76%  of 
control  following  pre-incubation  with  as  low  as  12.5 
/xM  of  AF64A,  50  /xM  of  this  toxin  were  required  to 
reduce  BChE  mRNA  transcription  to  the  same  extent 
(Fig.  2,  Bottom).  The  AChE  gene  therefore  displayed 
differential  sensitivity  over  that  of  the  BChE  gene 
toward  AF64A  toxicity  in  vitro,  which  predicted  that 
physiologically  effective  concentrations  of  this  cholino- 
toxin  may  modulate  transcriptional  activities  of  the 
corresponding  genes  in  cholinergic  and/or  cholinocep- 
tive  cells. 

3.4.  AF64A  administration  modulates  cholinesterase 
mRNA  levels  in  vivo 

To  assess  the  in  vivo  levels  of  CHE  mRNAs,  total 
RNA  extracts  from  septum,  hippocampus  and  striatum 
from  AF64A-treated  and  control  rats  were  subjected  to 
reverse  transcription  followed  by  kinetic  followup  of 
PCR  amplification  using  primers  specific  to  each  of  the 
cholinesterase  genes  (RT-PCR).  As  a  control  for  the 
integrity  of  the  examined  mRNAs  we  followed  the 
accumulation  of  ^-actin  mRNA.  This  analysis  revealed 
that  the  amounts  of  septal  and  striatal  AChE  mRNA 
were  reduced  25-  and  3-fold  at  7  days  post-AF64A 
injection,  respectively,  and  returned  to  80  and  130%  of 
control  levels  by  day  60  (Fig.  3  and  unshown  data), 
while  BChE  mRNA  levels  remained  unchanged  (not 
shown).  In  contrast,  hippocampal  AChE  mRNA  was  10 
times  higher  in  treated  rats  at  day  7  post-injection  and 


returned  to  apparently  normal  levels  (110%)  at  day  60. 
In  this  same  region,  BChE  mRNA  was  reduced  by  70% 
on  day  7  and  remained  as  low  as  50%  of  control  on  day 
60  (Fig.  3).  Beta-actin  mRNA  products  appeared  in  the 
RT-PCR  tests  8  cycles  before  those  of  the  cho¬ 
linesterases,  reflecting  considerably  higher  levels  than 
those  of  CHE  mRNAs,  and  remained  unchanged  in 
septum  and  striatum  after  AF64A  administration, 
demonstrating  the  specificity  of  the  effects  observed 
for  CHE  mRNAs.  A  2-fold  increase  in  /3-actin  mRNA 
was  detected  in  the  hippocampus,  7  days  post  AF64A 
administration  (not  shown),  probably  reflecting  some¬ 
what  enhanced  levels  of  general  transcription  in  this 
cholinoceptive  region.  Although  AChE  activity  was  sig¬ 
nificantly  reduced  in  the  hippocampus,  the  RT-PCR 
analysis  revealed  a  concomitant  and  pronounced  in¬ 
crease  in  AChE  mRNA,  unique  to  this  brain  region. 


1AF64A],  riM 

Fig.  2.  In  vitro  effects  of  AF64A  on  mammalian  CHE  genes  and 
their  enzyme  products.  Top:  direct  AF64A  induced  inhibition  of 
cholinesterase  activities.  Inhibition  was  measured  following  incuba¬ 
tion  with  increasing  concentrations  of  AF64A  by  determining  re¬ 
maining  activities  of  AChE  and  BChE,  all  as  detailed  under  meth¬ 
ods.  Inset:  chemical  structures  of  the  cholinotoxin  AF64A  (a)  and  the 
native  choline  molecule  (b),  after  Fisher  et  al.  [6J.  Bottom:  differen¬ 
tial  sensitivity  of  the  AChE  and  BChE  genes  for  transcriptional 
damage  induced  by  AF64A.  Equal  amounts  of  the  noted  plasmids 
incubated  with  the  noted  concentrations  of  AF64A  were  used  for  in 
vitro  tran.scription  in  the  presence  of  ['^^P]  nucleotides  followed  by 
agarose  gel  electrophoresis  and  autoradiogrephy  of  the  ^^P-labeled 
reaction  products.  Note  the  relative  resistance  to  AF64A  of  BChE  - 
as  compared  with  AChEcDNA.  The  same  results  were  obtained  for 
BChE  mRNA  transcribed  from  two  transcription  plasmids  contain¬ 
ing  the  human  BChE  coding  sequences  with  two  distinct  RNA 
polymerases  (not  shown),  demonstrating  that  the  AF64A  effects 
were  due  to  the  cDNA  seqence  and  not  to  the  type  of  RNA 
polymerase. 
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Fig.  3.  In  vivo  modifications  in  cholinesterase  mRNA  levels  following  AF64A  treatment.  RNA  was  extracted  from  septum,  hippocampus  and 
striatum  of  3  pooled  animals  7  and  60  days  post  AF64A  treatment  and  was  subjected  to  RT-PCR  procedure  [17].  PCR  products  were  detected  as 
dark  bands  after  hybridization  followed  by  autoradiography. 


3.5.  AF64A  induces  region-specific  alterations  in  the  dif¬ 
ferential  PCR  display  of  G,  C-rich  transcripts 

To  examine  whether  the  increased  levels  of  AChE 
mRNA  in  7  days  treated  hippocampus  reflected  a 
general  change  in  transcription  of  G, C-rich  genes,  we 
employed  the  approach  of  differential  PCR  display 
[18,32].  To  this  end,  we  first  examined  whether  this 
approach  was  sensitive  enough  to  detect  region-specific 
differences  in  G,C-rich  transcripts.  Amplification  con¬ 
ditions  were  thus  adapted  so  that  differentially  ex¬ 
pressed  transcripts  were  detected  in  the  hippocampus, 
striatum  and  septum  of  control  rats  with  an  arbitrary 
G,C-rich  primer.  At  least  50  conspicuous  DNA  prod¬ 
ucts  were  detected  after  subjecting  total  RNA  from 
each  of  these  regions  (pooled  from  three  rats  in  each 
case)  to  first  and  second  strand  synthesis  under  low 
stringency  annealing  conditions,  followed  by  PCR  am¬ 
plification  (Fig.  4).  A  large  part  of  the  observed  prod¬ 
ucts  was  common  to  all  regions,  however,  we  also 
observed  different  PCR  products  which  were  dominant 
in  specific  regions  (see  Fig.  4  for  striatum-specific 
products).  Differential  PCR  displays  from  the  same 
brain  regions  of  individual  animals  confirmed  that  these 
bands  were  both  dominant  in  specific  regions  and 
reproducible  (data  not  shown). 

The  general  pattern  of  displayed  products  did  not 
change  in  the  AF64A  treated  rats  as  compared  to 
control  rats  (Fig.  4).  While  no  AF64A-dependent 
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Fig.  4.  PCR  display.  Differential  PCR  display  of  1  /xg  total  RNA 
extracted  from  hippocampus,  striatum  and  septum  pooled  regions 
(from  3  animals/sample)  of  saline  (  — )  and  AF64A  (  +  )  injected  rat 
brains,  7  and  60  days  post  treatment.  Exposure  was  for  1  day  at  room 
temperature,  for  10%  of  reaction  mixture  per  lane.  PCR  fragments 
size  was  between  200  and  400  bp.  Altogether  most  of  the  PCR 
products  were  common  to  the  different  brain  regions;  some  were 
specific  for  either  striatum  (St)  or  hippocampus  (not  shown  in  this 
part  of  the  gel).  Arrows  indicate  PCR  products  whose  intensity 
changed  following  AF64A  injection. 
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changes  could  be  observed  in  striatal  mRNA,  we  were 
able  to  detect  several  quantitative  changes  in  PCR 
products  displayed  from  hippocampus  and  septum  fol¬ 
lowing  AF64A  administration.  In  the  septum  the  levels 
of  3  transcripts  were  decreased  on  day  7  and  remained 
low  at  day  60  (Fig.  4).  At  least  3  other  PCR  fragments 
appeared  to  be  stronger  in  the  treated  as  compared 
with  non-treated  hippocampus  60  days  post  AF64A.  A 
less  conspicuous  but  clear  increase  was  also  observed 
in  these  transcripts  at  day  7.  Assuming  that  the  PCR 
displays  reflect  the  expression  of  over  30,000  distinct 
mRNA  species  in  each  brain  region  [23],  this  implies 
that  the  increase  of  AChE  mRNA  in  the  hippocampus 
was  consistent  with  an  increase  in  multiple  G,C-rich 
transcripts  which  was  particular  to  this  cholinoceptive 
brain  region. 


4.  Discussion 

We  found  differential  changes  in  activities  of  cholin¬ 
ergic  marker  proteins  and  in  the  levels  of  the  corre¬ 
sponding  mRNAs  in  the  cholinoceptive  hippocampus 
and  the  cholinergic  septum  and  striatum  of  rats  follow¬ 
ing  i.e.v.  administration  of  the  cholinotoxin,  AF64A. 
ChAT  and  AChE  activities  were  conspicuously  de¬ 
creased  in  the  hippocampus,  reflecting  damage  to  both 
processes  and  cell  bodies.  However,  AChE  mRNA  and 
other  unidentified  G,C-rich  mRNA  transcripts  were 
increased  within  hippocampal  cell  bodies,  demonstrat¬ 
ing  a  new  and  previously  unforseen  level  of  response  to 
this  cholinotoxic  damage. 

The  in  vivo  experiments  were  complemented  by  a 
series  of  in  vitro  tests.  In  vitro  inhibition  of  transcrip¬ 
tion  of  G,C-rich  AChEcDNA  was  achieved  at  concen¬ 
trations  of  AF64A  that  were  2  times  lower  than  those 
required  to  inhibit  the  A,T-rich  BChEcDNA,  attribut¬ 
ing  at  least  part  of  the  in  vivo  changes  in  AChE  gene 
expression  to  its  G,C-rich  composition.  In  vitro  studies 
further  revealed  that  AChE  activity  was  more  sensitive 
to  this  alkylating  agent  than  that  of  BChE,  and  that 
this  inhibition  required  higher  AF64A  concentrations 
than  those  generally  administered  i.e.v.  Moreover,  ac¬ 
cess  of  such  compounds  to  intracellular  enzymes  in  the 
CNS  parenchyma  in  the  in  vivo  situation  is  very  lim¬ 
ited.  Therefore,  our  in  vitro  tests  suggest  that  to  achieve 
direct  inhibition  of  enzyme  activities,  the  intracellular 
concentration  of  AF64A  should  be  higher  than  those 
present  in  the  CSF.  The  in  vivo  inhibition  of  AChE 
activity  thus  suggested  that  i.e.v.-administered  AF64A 
actively  accumulated  in  cholinergic  synapses  and  en¬ 
tered  into  cholinergic  and/or  cholinoceptive  cell  bod¬ 
ies,  where  it  could  reach  higher  local  concentrations. 
Our  findings  therefore  support  the  theory  of  active 
uptake  into  cholinergic  cell  bodies  via  the  choline 
transport  system,  which  was  previously  suggested  as  a 


mechanism  of  action  for  AF64A  [20,29].  Once  in  these 
cell  bodies,  AF64A  is  likely  to  interact  with  G,C-rich 
genes  such  as  AChE  and  interfere  with  their  transcrip¬ 
tion  [7].  Moreover,  the  theory  of  active  uptake  further 
explains  the  apparent  direct  reduction  of  protein  activi¬ 
ties.  Altogether,  these  findings  imply  that  penetration 
of  this  alkylating  agent  into  the  brain  can  induce  a 
multileveled  cholinergic  damage.  This  includes  mecha¬ 
nisms  of  nucleophilic  attack  and  blocking  of  guanines 
in  the  DNA  at  cholinergic  cell  bodies  on  the  one  hand, 
and  interference  with  specific  protein  subsets  at  cell 
bodies  and  nerve  terminals  on  the  other  hand.  The 
damage  caused  by  AF64A  to  DNA  probably  occurs 
through  direct  interaction  with  the  N-7  position  in 
guanines  [7]. 

At  the  level  of  mRNA,  the  main  damage  induced  in 
vivo  by  AF64A  appeared  to  be  region-specific  and 
partially  transient.  That  the  transient  decrease  in  AChE 
mRNA  levels  which  was  observed  in  cholinergic  re¬ 
gions  was  probably  limited  to  cholinergic  cells  was 
indicated  from  the  observation  that  the  average  levels 
of  the  more  ubiquitously  expressed  /S-actin  mRNA 
remained  unchanged  in  spite  of  its  equally  high  G,C- 
content  (55%)  [25].  At  the  protein  level  we  could 
discriminate  between  the  vulnerable  hippocampus  and 
the  more  resistant  septum  and  striatum.  Injection  of  2 
nmol  AF64A/ventricle  did  not  affect  the  activities  of 
cholinergic  markers  measured  in  the  striatum,  which 
was  previously  found  to  be  sensitive  to  higher  doses  of 
this  cholinotoxin  [28].  In  contrast,  the  mRNA  levels  of 
both  AChE,  /3-actin  and  other  unidentified  G,C-rich 
genes  were  significantly  increased  in  the  hippocampus 
by  7  days  post  AF64A  administration.  This  indicated 
that  the  in  vivo  decrease  in  AChE  activities  in  the 
hippocampus  was  secondary  to  the  reduction  in  AChE 
mRNA  in  the  septum,  projecting  to  the  hippocampus, 
and  that  this  change  caused  a  feedback  increase  of 
transcription  of  several  genes,  including  AChE  and 
/3-actin,  in  this  cholinoceptive  and  vulnerable  area. 

The  hippocampus  receives  its  main  cholinergic  in¬ 
nervation  from  medial-septal  nuclei.  Therefore,  cho¬ 
linoceptive  cell  bodies  in  this  region  should  be  sensitive 
to  damage  occurring  to  cholinergic  neurons  in  the 
medial-septal  nuclei.  Cell  bodies  rich  in  AChE  mRNA 
were  indeed  located  by  in  situ  hybridization  to  the 
CAl-3  regions  and  the  dentate  gyrus  in  rodent  hip¬ 
pocampus  (Lev-Lehman  et  al.,  unpublished  data). 

To  evaluate  the  general  transcriptional  damage 
caused  by  AF64A,  we  adopted  the  recent  approach  of 
differential  PCR  display  [18].  This  strategy  involves 
presentation  of  partial  cDNA  sequences,  amplified 
from  subsets  of  mRNAs  by  reverse  transcription  cou¬ 
pled  to  PCR  using  arbitrary  primers  [32].  Differentially 
expressed  mRNAs  were  indeed  observed  in  septum, 
striatum  and  hippocampus,  and  some  of  those  particu¬ 
lar  to  the  hippocampus  were  modulated  following 
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AF64A  administration.  The  long  term  changes  in  gene 
expression  detected  by  the  PCR  display  suggest  the  use 
of  this  approach  to  clone  and  identify  the  modulated 
transcripts.  That  both  the  protein  activities  and  the 
PCR  display  changes  were  long  term  can  further  indi¬ 
cate  damage  to  the  machinery  of  mRNA  translation. 
This  would  reduce  AChE  activities  even  under  condi¬ 
tions  where  AChE  mRNA  levels  returned  to  normal, 
as  was  the  case  by  day  60  post  AF64A  treatment. 

The  transcriptional  changes  in  AF64A  treated  hip¬ 
pocampus  are  in  line  with  the  behavioral  effects  in¬ 
duced  by  this  cholinotoxin.  Moreover,  prenatal  admin¬ 
istration  of  another  alkylating  agent,  methylazoxy- 
methanol  (MAM)  to  pregnant  rats  at  gestational  day  14 
or  15  resulted  in  a  massive  reduction  in  intrinsic  corti¬ 
cal  neurons  and  interneurons  of  hippocampus  and 
striatum  [3].  The  enhanced  transcription  of  jS-actin  and 
several  other  G,C-rich  unidentified  genes,  in  the 
AF64A  treated  hippocampus,  therefore  adds  this 
cholinotoxin  to  the  list  of  plasticity  inducing  agents, 
which  calls  for  histological  experiments  to  search  for 
AF64A  induced  morphometric  changes  in  the  hip¬ 
pocampus. 

Specific  choline  analogs  can  exert  differential  dam¬ 
age  to  cholinergic  neurons  through  different  mecha¬ 
nisms,  such  as  selective  block  of  receptors  or  interfer¬ 
ence  with  the  functioning  of  genes  encoding  these 
protein  products  [1].  The  fact  that  most  of  the  choliner¬ 
gic  changes,  on  the  mRNA  level,  were  back  to  normal 
by  60  days  post  AF64A  treatment  supports  the  notion 
that  cholinergic  cells  damaged  by  AF64A  can  largely 
recover  and  return  to  normal  function.  This  reversibil¬ 
ity  can  suggest  the  existence  of  intra-regional  bypass 
machinery  which  responds  to  changes  in  the  choliner¬ 
gic  balance  by  secondary  regulation  of  gene  transcrip¬ 
tion.  Therefore,  our  present  findings  suggest  the  use  of 
AF64A  treated  rats  as  a  model  for  the  cholinergic 
deficits  occuring  in  Alzheimer’s  and  Huntington’s  pa¬ 
tients  through  characterization  of  the  mRNA  tran¬ 
scripts  whose  levels  are  modified  in  the  septum  and 
hippocampus  after  a  single  dose  AF64A  injection.  The 
use  of  the  sensitive  PCR  display  method  to  decipher 
changes  in  gene  expression  can  introduce  a  novel  ap¬ 
proach  to  the  research  of  cholinergic  deficits  that  will 
enable  to  pinpoint  and  characterize  genes  whose  func¬ 
tioning  is  perturbed  under  conditions  of  cholinergic 
deficit. 
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Abstract 


To  explore  the  molecular  basis  of  the  biochemical  differences  among  acetylcholinesterase  (AChE),  butyrylchoiinesterase 
(BuChE)  and  their  alternative  splicing  and  allelic  variants,  we  investigated  the  acylation  phase  of  cholinesterase  catalysis,  using 
phosphorylation  as  an  analogous  reaction.  Rate  constants  for  organophosphate  (DFP)  inactivation,  as  well  as  for  oxime 
(PAM)-promoted  reactivation,  were  calculated  for  antibody-immobilized  human  cholinesterases  produced  in  Xenopus  oocytes 
from  natural  and  site-directed  variants  of  the  corresponding  DNA  constructs.  BuChE  displayed  inactivation  and  reactivation 
rates  200-  and  25-fDld  higher  than  either  product  of  3'-variable  AChE  DMAs,  consistent  with  a  putative  in  vivo  function  for 
BuChE  as  a  detoxifler  that  protects  AChE  from  inactivation.  Chimeric  substitution  of  active  site  gorge-lining  residues  in  BuChE 
with  the  more  anionic  and  aromatic  residues  of  AChE,  reduced  inactivation  60-foId  but  reactivation  only  4-foId,  and  the 
rate-limiting  step  of  its  catalysis  appeared  to  be  deacydation.  In  contrast,  a  positive  charge  at  the  acyl-binding  site  of  BuChE 
decreased  inactivation  8-foId  and  reactivation  30-fold,  Finally,  substitution  of  Asp70  by  glycine,  as  in  the  natural  ‘atypical’ 
BuChE  variant,  did  not  change  the  inactivation  rate  yet  reduced  reactivation  4-fold-  Thus,  a  combination  of  electrostatic  active 
site  charges  with  aromatic  residue  differences  at  the  gorge  lining  can  explain  the  biochemical  distinction  between  AChE  and 
BuChE,  Also,  gorge-lining  residues,  including  Asp70,  appear  to  affect  the  deacylation  step  of  catalysis  by  BuChE.  Individuals 
carrying  the  ‘atypical’  BuChE  allele  may  hence  be  unresponsive  to  oxime  reactivation  therapy  following  organophosphate 
poisoning. 

Keywords:  Organophosphate;  Oxime  reaction;  Acetylcholinesterase;  Butyrylchoiinesterase;  Diisopropylfluorophosphonate;  Pyri- 
dine-2-aldoxime  methiodide 


Abbreviation,^:  ABS,  acyl-binding  site;  AChE,  acetyicholineste- 
rasei.BChE,  butyrylchoiinesterase;  BTCh,  butyrylthiocholine;  CBS, 
chofine-binding  site:  ChE,  cholinesterase;  DFP,  diisopropylfluo- 
rophosphonate;  DIP.  diisopropylphosphoryl;  ELISA,  enzyme-linked 
immunosorbant  assay:  E5,  the  product  of  the  mRNA  encoding  exons 
Z  3,  4,  intron  4  and  exon  5:  E6,  the  product  of  the  mRNA  encoding 
exons  Z  3,  4,  and  6:  OP,  organophosphorus  agent;  PAM,  pyridine-2- 
aldoxime  methiodide;  iAChE,Toipe^/^hE  *  ^  ^ ) 
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1.  Introduction 

In  spite  of  access  to  the  3-dimensional  structure 
[6,29]  and  ample  experimental  [3-6,12-19,31]  and  the¬ 
oretical  [3,15,20,22-28]  work,  the  biological  implica¬ 
tions  of  the  complex  catalytic  process  of  cholinesterases 
(ChEs)  are  far  from  being  fully  understood.  There  are 
two  human  ChE  genes,  ACHE  and  BCHE,  both  of 
"^.daich  have  been  cloned  and  expressed  (reviewed  by 
Soreq' and  Zakut  [28]).  These  encode  the  homologous 
acetylcholinesterase  (AChE,  EC  3. 1.1.7)  and  butyryl- 
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cholinesterase  (BuChE,  EC  3.L1.S)  proteins.  The  ac¬ 
tive  site  in  both  enzymes  is  positioned  at  the  bottom  of 
a  deep  gorge  lined  with  hydrophobic  residues  [6,29]. 
However,  although  both  these  enzymes  hydrolyze  their 
substrates  at  exceptionally  fast  rates  [20.22],  they  dis¬ 
play  clear  differences  in  substrate  specificity  and  in¬ 
hibitor  interactions  [6,27,31],  In  the  case  of  BuChE,  the 
relatively  less  aromatic  gorge  is  lined  with  fewer  aryl 
groups  and  more  alkyl  residues  [6,29].  The  cataMic 
triad,  its  adjacent  choline-  and  acyl-binding  sites  and 
the  surrounding  residues  determine  the  characteristic 
specificities  of  these  enzymes  to  substrates  and  in¬ 
hibitors  [6,18,20,31].  An  appreciation  of  the  molecular 
basis  of  the  differences  between  AChE  and  BuChE, 
therefore,  requires  a  consideration  of  the  contributions 
of  specific  residues  both  in  the  gorge  lining  and  in  the 
active  site  regions  of  the  two  enzymes. 

ChE  catalysis  is  a  multi-step  process,  which  includes 
attraction  of  the  substrate  into  the  deep  gorge,  forma¬ 
tion  of  an  acyl-enzyme  intermediate  by  displacement  of 
the  choline  alkoxy  group  by  the  hydroxyl  oxygen  of  the 
enzyme’s  active  site  serine,  exchange  of  water  for  the 
choline  molecule,  and  hydrolysis  of  the  acyl-en2:yme 
(Figs.  1  and  2A).  Detailed  dissection  of  catalysis  by  any 
natural  or  recombinant  ChE  variant  [18,19,28,31] 
should  attempt  to  discriminate  among  effects  on  one  or 
another  of  these  stages  of  catalysis.  As  the  slowest  of 
these  stages  has  a  half-time  in  the  order  of  100 
[3,20,22],  we  have  recruited  the  inactivation  of  ChEs  by 
an  organophosphotus  agent  (OP)  [30]  as  an  analogous 
reaction  in  order  to  study  in  isolation  the  first  of  these 


two  stages  of  catalysis  (Fig.  1  A).  OP  phosphorylation  of 
the  active  site  serine  [19]  is  just  as  specific  for 
(sequence  numbers  for  human  BuChE  [28];  of 
human  BuChE  is  homologous  to  of  Torpedo  AChE 
[23])  as  is  the  acylation  stage  of  catalysis.  Furthermore, 
it  also  has  a  pH/rate  profile  shaped  by  dependence  on 
a  conjugate  base  of  pK^  near  7.2  and  a  conjugate  acid 
of  pK^  near  9.3  [35].  Thus,  the  same  features  of  AChE 
that  promote  its  ac>'lation  should  facihtate  its  phospho¬ 
rylation. 

Cleavage  of  the  phosphor\'l-ChE  bond  is  extremely 
slow,  making  OPs  hemi-substrate  inhibitors,  but  the 
rate  of  dephosphorylation  can  be  enhanced  by  ratio¬ 
nally  designed  nucleophiles,  such  as  pyridine-2-al- 
doxime  methiodide  (PAM,  Fig.  IB)  [35].  PAM  is  a  rigid 
zwitterionic  molecule  that  juxtaposes  its  nucleophilic 
group  precisely  against  the  phosphoryl  bond,  which  it 
displaces.  That  PAM  acts  from  the  choline  binding  site 
is  indicated  by  choline  being  a  competitive  inhibitor 
[22],  and  by  natural  substrates  competing  with  PAM  in 
the  reactivation  reaction  [12].  Moreover,  the  order  of 
effectiveness  of  non-assisted  hydrolysis  of  the  spectrum 
of  dialkyiphosphoryl-ChEs  formed  by  OP  agents  (di¬ 
methyl  >  diethyl  >  diisopropyl)  is  maintained  in  the 
PAM-assisted  reactivations  [30].  In  spite  of  the  obvious 
steric  and  electronic  differences  between  PAM  and  a 
water  molecule,  PAM-promoted  reactivation  thus 
shares  mechanistic  characteristics  with  the  deacylation 
step  of  catalysis. 

Because  BuChE  is  prevalent  in  serum,  it  can  react 
easily  with  anti-ChEs  before  they  have  a  chance  to 


A.  Catalysis 

ChO-OCR  +EnzOH  - ►  EnzO-OCR  -h  ChOH 


EnzO-OCR  +  OH' - ►  'OOCR  +EnzOH 


Analogous  reactions 

XP0(0R')2  +  EnzOH  - ►  EnzOPO(OR’)2  +  HX 
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Fig-  1.  The  experimental  paradigm.  A:  catalysis  and  analogous  reactions.  In  the  catalytic  cycle  the  enzyme’s  active  site  serine  (Enz-OH)  displaces 
the  choline  moiety  of  the  substrate,  forming  an  acyl-enzyme  (covalent)  intermediate.  The  OP  agents,  being  hemi-substrale^.  act  analogously: 
serine  displaces  the  leaving  group  (X),  forming  a  dialkylphosphoryl-enzyme  [30].  Catalysis  continues  with  the  hydrolysis  of  ihe  acyl  enzyme, 
whereas  hydrolysis  of  the  phosphoryl-ChE  bond  is  extremely  slow.  The  reactivation  rate,  however,  can  be  enhanced  by  nucleophiles  (B)  such  as 
choline  and  PAM,  which  actively  displace  the  phosphoryl  group.  B:  structure  of  DFP  and  PAM. 
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the  fairly  common  D™G  (‘atypical’)  variant  of  BuChE 
does  not  hydrolyze  it  [2,16,17],  resulting  in  post-oper- 
ative  apnea  in  individuals  homozygous  for  this  variant. 
This  raises  the  question  whether  individuals  with  this 
and  other  variant  BuChEs,  when  exposed  to  anti-ChEs, 
such  as  pesticides,  pharmaceuticals,  etc.,  will  react 
differently  than  those  with  the  common  BuChE. 

To  analyze  catalysis  on  a  micro  scale  and  to  avoid 
interference  with  rate  measurements  by  inactivating  or 
reactivating  reagents,  we  immobilized  recombinant 
Xenopus  oocyte-produced  variant  ChEs  on  selective 
monoclonal  antibodies  in  multi-well  plates  and  sub¬ 
jected  the  bound  enzymes  to  successive  OP  inactivation 
and  oxime-promoted  reactivation.  By  this  approach  we 
measured  major  changes  in  rates  of  the  reaction  with 
diisopropylfluorophosphonate  (DFP)  and  PAM  (Fig. 
IB)  for  a  large  series  of  human  ChE  variants  differing 
within  the  gorge  lining,  the  acyl-binding  site  or  the 
C-terminus,  always  by  comparison  to  the  wild-type 
enzyme  forms.  Thus,  we  were  able  to  implicate  several 
regions  of  ChEs  in  particular  stages  of  catalysis  based 
on  changes  in  rates  of  inactivation  and  reactivation, 
and  predict  anomalous  responses  to  ChE  inhibitors  for 
individuals  carrying  the  ‘atypicaP  BuChE  variant. 


2.  Materials  and  methods 
2.7,  Chemicals 


Fig.  2.  The  analyzed  regions.  A:  active  site  environment  in  AChE 
and  BuChE.  Active  site  residues  in  Torpedo  AChE  (right,  tACHE) 
and  human  BuChE  (left,  hBCHE)  are  shown  following  the  existing 
structure  and  numbering  of  residues  in  Torpedo  AChE  [29]  and  the 
computer  model  of  human  BuChE6  [5],  Note  differences  in  the 
acyl-binding  site  (ABS)  and  in  the  number  of  aromatic  residues,  and 
the  similarity  in  the  chaline-binding  site  (CBS)  and  the  cata^ic  triad 
(BuChE  residues  and  E’’'^).  in  Torpedo  is  equivalent 

toL^-^  in  human  BuChE.  Numbering  of  AChE  residues  is  as  for  the 
Torpedo  enzyme  [28,29],  B:  positioning  of  the  replaced  regions:  The 
ribbon  model  of  human  BuChE  was  drawn  after  Hare!  et  ai.  [6]  and 
as  detailed  elsewhere  [13,27],  The  active  site  gorge  lies  in  the  plane 
of  the  figure,  with  its  openinggt  the  bottom.  The  substituted  chimeric  . 
peptide  [13]  is  shown  site-directed  (i:e5)  and  natural^ 

(^W)  mutations  were  introduced  in  positions  indicated  as  space-fill¬ 
ing  models,  counterclockwise:  bottom  left),  (bi***, 

center),  (hiupt  top),  (f#^,  upper)  and  (pdds  lower). 
Natural  point  mutations  included  on  the  rim  of  the  gorge, 
in  the  chimeric  region,  and 


inactivate  AChE  at  brain  synapses  and  neuromuscular 
junctions.  However,  in  addition  to  the  differences  be¬ 
tween  AChE  and  BuChE,  several  allelic  variants  of 
BuChE  differ  in  their  interactions  with  natural  (e.g. 
glyco-alkaioids  of  the  Solanaceae)  and  man-made  anti- 
ChEs  (e.g.  OP  and  carbamate  pesticides)  [28].  Succinyi- 
choline,  which  is  used  as  a  muscle  relaxant  prior  to 
anesthesia,  is  slowly  hydrolyzed  by  normal  BuChE,  but 


Monoclonal  mouse  anti-human  AChE  and  BuChE 
antibodies  were  purified  as  detailed  [11],  Polyclonal 
rabbit  anti-human  BuChE  was  a  product  of  Dako 
(Glostrup,  Denmark).  The  horseradish  peroxidase 
(HRP)  conjugate  of  goat  anti-rabbit  immunoglobulin 
was  from  Jackson  Laboratories  (Bar  Harbor,  ME); 
DFP  was  a  product  of  Aldrich  Chemical  Co.  (Milwau¬ 
kee,  WI).  All  other  chemicals  were  the  highest  quality 
available  from  Sigma  Chemical  Co.  (St.  Louis,  MO). 

2.2.  Mutants  of  BuChE 

Production  of  natural  and  site-directed  variants  of 
cholinesterases  and  their  expression  in  Xenopus  oocytes 
has  been  described  [4,8,13,17,18].  The  enzyme  samples 
represent  products  of  3  independent  microinjections  of 
mRNA  for  BuChE  and  for  each  of  its  mutants,  2 
microinjections  of  AChE  (E6)  DNA  [24].  1  of  AChE 
(E5)  DNA  [8],  and  3  microinjections  of  mRNA  of  the 
BuChE/AChE  chimera  [13]. 

2,  J,  Immobilization  of  recombinant  enzymes 

Mouse  anti-human  serum  BuChE  or  monoclonal 
anti-human  AChE  antibodies  [llL/were  adsorbed  to 
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microtiter  plates  (Nunc,  Roskilde,  Denmark)  at  0.5 
^i-g/ml  in  0.1  M  carbonate  buffer,  pH  9.6,  for  at  least  4 
h  at  room  temperature.  Plates  were  then  washed  3 
times  in  PBS-T  buffer  (144  mM  NaCl,  20  mM  Na 
phosphate,  pH  7.4,  0.05%  Tween-20),  Free  binding 
sites  on  the  well  surface  of  the  microtiter  plate  were 
blocked  with  PBS-T  for  1  h  at  37°  C.  Microinjected 
oocyte  homogenates  containing  the  enzym^were  then 
added  at  a  dilution  of  1:20  in  PBS-T  or  at  a  concentra¬ 
tion  of  100  mru/ml  in  PBS-T  for  at  least  3  h  at  room 
temperature  with  agitation.  Plates  were  washed  3  times 
with  PBS-T  before  use. 

2.4.  Inactivation  of  immobilized  enzymes 

Inactivation,  reactivation  and  assay  were  all  per¬ 
formed  at  pH  7.4.  Immobilized  enzymes  were  exposed 
to  DFP  in  PBS-T  buffer  for  varying  times.  Activity  was 
always  measured  at  30  mM  butyrylthiocholine,  which 
was  at  least  10  times  the  value  for  BuChE  and  the 
natural  mutants,  and  1.5-  to  5-times  that  of  the  site-di¬ 
rected  mutants  [4].  Activity  of  AChE  (E6  and  E5)  was 
measured  at  2  mM  acetylthiochoiine, 

2.5.  Reactivation  of  inactivated  immobilized  enzymes 

Determination  of  rate  constants  for  reactivation  is 
complicated  by  ageing,  the  progressive  refractoriness  of 
OP-inhibited  enzyme  to  reactivation  [19,30].  Once  hy¬ 
drolysis  of  one  of  the  two  alkyl  groups  occurs,  the 


product,  monoalkyl  phosphoryl-ChE,  is  resistant  to  re¬ 
activation.  The  aging  process  proceeds  concurrently 
with  reactivation.  In  order  to  minimize  the  extent  of 
ageing,  inactivations  were  performed  at ^;Ksufficiently 
high  DFP  concentrations  to  bring  residual  activities  to 
below  2%  of  the  uninhibited  level  within  10  min,  and 
reactivations  were  begun  as  soon  as  possible,  usually 
within  5  min.  The  wells  containing  diisopropylphospho- 
ryl  (DIP)-ChE  were  exposed  to  1  mM  PAM  in  PBS-T, 
22°  C  for  various  times,  then  washed  several  times  with 
PBS-T  and  assayed  for  enzyme  activity. 

2.6.  Assay  of  immobilized  cholinesterases 

Spectrophotometric  assessment  of  hydrolysis  rate  in 
96-well  microtiter  plates  was  performed  as  described 
[4,17,18,24].  To  each  well  were  added  200  ii\  30  mM 
butyrylthiocholine  (or,  in  the  case  of  AChE,  2  mM 
acetylthiochoiine)  in  0.5  mM  3,3'-dithiobis(6-nitro- 
benzoic  acid)  (DTNB),  100  mM  Na  phosphate,  pH  7.4. 
Absorbance  at  405  nm  was  automatically  recorded  on  a 
Molecular  Devices  microtiter  plate  reader  (Menlo  Park, 
CA). 

2.7.  Calculation  of  rate  constants 

Rate  constants  for  inactivation  (Atj)  were  calculated 
by  linear  regression  analysis  of  ln(^  T  vs.  r,  where  t  is 
the  time  of  exposure  to  DFP,  and  is  the  remaining 
activity  at  time  t.  The  pseudo-first  order  rate  constant 


Table  1 


Kinetic  rate  constants  for  DFP-inactivation,  PAM-reactivation  and  catalysis  of  cholinesterases  “ 

Variant 

ki  X  10“*^ 

min"*^) 

Jt;  X  10^ 

(min“0 

(min  ') 

BuChE 

1220  ±  4  (3) 

150  ±30  (11)  -  . 

96  ±22  (6) 

Chimera 

19  ±  8  (2) 

40  ±  18  (6) 

36  +  14  (5) 

AChE  (E6) 

7  ±  i  (4) 

6  ±  2  (3) 

7.5 

AChE  (E5) 

5(1) 

8  +  3(2) 

L^D 

188  ±  24  (3) 

120  ±  30  (3) 

38  ±  15  (5)  ,  \ 

L^Q 

166  ±  40  (3) 

120  ±  20  (4) 

268  ±  164  (3) 

6±3(3) 

13  ±  7  (5) 

L^K 

138  ±  4  (3) 

4  ±  1  (3) 

13  ±  5  (4) 

F-^R 

43(1) 

F329q 

1398  ±532  (3) 

44  ±  15  (5) 

p329c 

552  ±  408  (2) 

14  ±  2  (4) 

F329d 

442+190  (3) 

8  ±  1  (4) 

S425p  b 

1054  ±408  (3) 

134  ±  8  (4) 

D'”G  ^ 

1008  ±418  (3) 

32  ±  4  (4) 

D‘”G-r  Y"^H 

21 12  ±  1074  (3) 

12  ±5  (3) 

D'^G  +  S-'^P 

260  ±  12(2) 

11  (1) 

D^’G  -5-  -r  ^ 

159S  ±  294  (3) 

4  ±  1  (3) 

nM  and  1  ;iM  DFP,  as  in  Fig.  3A,  Pseudo-Hrst  order  rate  constants  for  reaaivation  were  calculated  from  rates  observed  at  1  mM  PAM,  as 
in  Fig.  3B,  values  were  calculated  from  the  rates  of  reaction  with  30  mM  butyrylthiocholine  and  the  quantity  of  enzyme  evaluated  by  ELISA 
assay  of  the  enzyme,  using  known  amounts  of  human  serum  BuChE  to  construct  a  standard  curve.  Numbers  of  experiments,  in  pare.ntheses,  and 
standard  deviations  are  shown. 

^  Natural  variant  of  BuChE. 

Taken  from  Ordentlich  et  al.  [19]. 
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for  reactivation^,  was  calculated  by  linear  regression 
analysis  of  ln(^^  A-^)/{A^  ~A^)  vs.  r,  where  t  is  the 
time  of  exposure  to  PAM,  and  is  the  potential 
activity,  A,,  the  activity  at  time  r,  and  Aj,  the  residual 
activity  of  the  inhibited  en2yme. 

2.8.  Quantification  of  immobilized  cholinesterase 

A  rabbit  anti-human  BuChE  polyclonal  antibody 
was  added  to  the  immobilized  ChE  at  1:4,000  dilution 
in  PBS-T  for  1  h  at  3T  C  After  washing  with  PBS-T,  a 
goat  anti-rabbit  antibody  conjugated  to  HRP  was  added 
at  1:10,000  dilution  in  PBS-T.  HRP  activity  was  as¬ 
sayed  by  using  o-phenylenediamine  dihydrochloride  at 
1  mg/ml  in  phosphate/citrate  buffer,  pH  9.6,  and  Na 
perborate  as  substra^Rurified  human  BuChE  was 
used  as  a  standard.  The  absorbance  at  450  nm  was 
recorded  on  a  Molecular  Devices  microtiter  plate 
reader. 


3.  Results 

3.1.  Spatiotemporal  dissociation  of  catalytic  steps 

Since  residues  in  the  gorge  lining  and  the  acyl-bind¬ 
ing  site  of  human  BuChE  differ  from  those  in  AChE 
(Fig.  2A),  we  first  focussed  on  the  involvements  of 
these  regions  in  the  catalytic  process.  To  this  end,  we 
collected  rate  constants  for  each  of  the  two  recombi¬ 
nant  human  enzymes  as  produced  in  microinjected 
Xenopus  oocytes  from  the  corresponding  cloned  in 
vitro  transcribed  mRNA  [18]  or  cDNA  [24].  To  further 
dissect  the  differences  between  human  AChE  and 
BuChE,  we  also  examined  a  chimera  in  which  the 
gorge  rim,  the  gorge  lining,  the  conserved  oxyanion 
hole  and  the  choline-binding  site  of  BuChE  were  sub¬ 
stituted  with  the  homologous  peptide  of  AChE  [13], 
The  major  difference  in  the  chimeric  enzyme  was  that 
its  gorge  lining  was  more  aromatic  than  BuChE.  To 


reactivation  time,  min 

Fig.  3.  Inactivation  of  ChEs  and  reactivation  by  PAM.  A:  data  are  presented  us  percent  original  activity  vs.  duration  of  exposure  to  DFP  times 
the  DF?  concentration  [DFP]).  In  the  left  panel,  a  comparison  of  BuChE  and  its  mutant  and  the  BuChE/AChE  chimenu  In  the  (% 

center  panel,  a  comparison  of  the  natural  alternatives  of  AChE  (E6)  and  AChE  (E5>,  and  the  chimera^  In  the  right  panel,  a  comp^ison  of _ 

representative  data  for  the^D’^G  variant  and  BuChE,  The  chimera  is  presented  in  the  left  panel  and  BuChE  in  the  right  panel  to  assist 
correlation  of  the  rates  of  L^’K  and  D'^G.  BuChE  inactivations:  ■  1  nM,  3  5  nM,  a  10  nM,  t  50  nM  DFP.  AChE  (E6)  inactivations:  □  0.1 
mM,  A  Oo  mM,  V  1  DFP;  AChE  (E5)  S  I  DFP.  L^K  BuChE  inactivation:  O  50  nM  DFP.  D^'^G  inactivation:  •,  5  nM  DFP.  B:  a 
logarithmic  function  of  the  regain  in  activity  vs.  time  is  presented  in  the  left  panel  for  BuChE  ■,  the  BuChE/AChE  chimera  ♦,  and  the  L^K 
mutant  o  in  I  mM  PAM;  in  the  center  panel  for  AChE  (E6)  v,  AChE  (E5)  S,  and  the  chimera  ♦,  in  0.6  mM;  and  in  the  right  panel, 
representative  data  for  BuChE,  •.  and  the  D'®G  variant,  ■,  in  I  mM  PAM, 
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test  whether  variations  in  the  C-terminus  [28]  would 
affect  catalytic  properties  of  isolated,  immobilized 

veefo  included  a 

r  encoding  the  major  form  of  human  AChE  ex¬ 
pressed  in  brain  and  muscle  [26],  and  designated  E6 
ana  an  alternative  vector,  differing  in  the  3'-terminus 
and  representing  the  variant  ACHE  mRNA  soecies 
expressed  m  hematopoietic  and  tumor  cells  (E5)  [8] 
Several  natural  and  site-directed  mutants  of  recombi- 
T  BuChE  completed  this  series.  These  in- 

na“t?  rh  i"  "O^ibi- 

nation  with  other  natural  mutations  [17,18],  and  site-di¬ 
rected  point  mutations  at  the  acyl-binding  site  [4],  Fi^ 
-B  Posiho^  these  changes  on  the  ribbon  model  of 
human  BuChE  and  Table  1  lists  these  alterations. 

We  ne^  wished  to  examine  the  kinetic  conse¬ 
quences  that  changing  these  defined  regions  in  the 

enzvm^  recombinant,  immobilized 

enzyme  yanants  was  reacted  with  DFP,  followed  bv 
regeneration  of  activity  by  PAM.  DFP  and  PAM  con- 

reamTvario'  Phosphorylation  and 

^activation  half-times  measured  in  minutes.  Die 

oocyte-produced  enzymes  were  enriched  by 
dsorption  onto  an  immobilized  antibody  [1194] 
ELISA  measurements  provided  determinations  of’ the 
amounts  of  recombinant  proteins  for  evaluation  of  k 
values  and  confirmed  that  all  of  the  examined  proteins 

mag  Jud'?  ■"  »f 


orlribuics  to  moyme  phosphorylo- 

SaTttT^^  alternative  forms  of  AChE  (Fig 

A^^hV  ^  inactivation  of 

AChE  by  DFP,  7X10"  min-‘  M"'  (Table  1)  was 

ound  to  be  160-fold  lower  than  that  of  BuChE  This 
value  was  m  good  agreement  with  the  value  of  3  X  10" 

AOiE  rui  a  Purified  human 

-I  identical  to  the  9.1  X  10" 

mm  M  value  determined  more  recently  for  puri- 
fied  recombma_nt  huinan  AChE  [19]  and  to  the  value  of 
FmrnH  °  determined  by  Jandorf  et  al.  [7] 

ite  omS  acyl-binding 

BuChF  inactivation  rate  of 

BuChE  approximately  8-fold  (Fig.  3A).  In  contrast 
suDstuution  of  the  gorge  lining  by  the  correspon  d 

d?uL"/d  replacements: 

dd  'he  level  displaved  by 

the  two  AChE  forms  (Fia  3A)  ^  ^ 


tarns  ‘"activation  rates  of  natural  BuChE  mu- 

^ff  r  affected.  There  was  virtuallv  no 

fu  ""  ""  hut  the  DroG/S"'^? 

which  displayed  a  lowered  inactivation  rate 

J  j  ^  ^  natural  triple  mutant  [4].  Most 

sue-directed  acyl-site  mutants  of  and  F"-’  also 
dismayed  2-  7-fold  modoratoly  lowar  inac.ivafion 
rates  than  native  BuChE,  with  the  e.xception  of  F^^^O 
which  remained  unchanged. 

3.3.  Active  site  charges  hamper  reactivation 

sa  Je°  dephosphoiylation  step  of  catalysis,  the 

same  series  of  enzymes  that  were  inhibited  by  DFP 
were  fether  assessed  for  rates  of  reactivation  bv  PAM 
The  r,  for  DIP-BuChE,  0.3  mM,  was  close' to  the 

SchE  diethylphosphoryl- 

aredh-^^i  incidentally,  the  serum  PAM  levels  that 
are  achieved  dunng  therapy  for  OP  poisoning  do  not 
exceed  40  ;iM  [33],  well  below  this  value. 

of  constant  for  reactivation 

dn  r  h)  was  25-fold  higher 

toan  for  either  form  of  AChE  (Fig.  3B  and  Table  1) 

moLdT''fyf  diplayed  a  reactivation  constant  only 
moderately  (4-fold)  lower  than  that  of  native  BuChE^ 
demonstrating  that  only  a  small  part  of  the  difference 
n  reacnvation  between  AChE  and  BuChP  is  at 

medr  Moreover,  the  lower 

ate  for  AChE  and  the  chimera  was  due  to  a  lower  true 

PAM  whereas  the  affinity  for 

thtBu^hF^Ss^^''  unchanged  (Table  2).  In  contrast, 
in  th^e  K  mutant  displayed  a  40-fold  reduction 

n  the  pseudo-first  order  rate  constant  for  reactivation 
reflecfing  a  reduction  in  both  reactivation  rate  Tnd 
affinity  for  PAM,  the  latter  probably  influenced  by 
electrostatic  repulsion  by  the  positive  charge  that  was 

'ho  importance  of  the 
cy  -binding  site  in  the  reactivation  process.  We  further 


Table  2 

Constants  for  PAM  reactivation  of  DIP-ChEs  ' 


Variant 

BuChE 
Chimera 
AChE  (Efi) 
AChE  (E5) 


X  10  ’  (min  ') 

220  ±60  (4) 

48  +  20  (3) 
7+3(3) 

I0±5(2) 

35  +  27(3) 


Ha  (fnM) 
0.30  +  0.08 
0.34  ±0.1 3 
0.27±().ft4 
0.19  ±0,07 


^  first  order  rate  constants  for  reactivatinn  ( L-  \  — 

consiancs  for  ihe  DiP-enzyme/PAM  crpl'? (f^ 
from  a  ploc  of  the  reciprocals  of  the  pseudoOrst  order  rate  constant 
^  concentrations  between  O.I  and  0  6  mM 

fhoi  ■"  and  standard  dev.attns  a^e 
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substituted  an  acidic  (aspartate),  a  basic  (arginine),  a 
sulfhydryl  (cysteine)  and  a  polar  (glutamine)  group  for 
Of  these,  only  the  sulfhydryl  and  acidic  groups 
disrupted  the  reactivation  by  10-  to  20- fold  (Table  1), 

For  the  natural  BuChE  variants,  effects  of 
and  on  reactivation  were  cumulative.  The  natu¬ 

ral  substitution  of  D”®  by  glycine  [17]  made  the  result¬ 
ing  variant  reactivate  at  a  rate  5-fold  lower  than  that  of 
the  wild-type  enzyme  (Fig.  3B,  right;  Table  1).  Addi¬ 
tion  of  the  or  mutation  to  the 

mutation  resulted  in  an  even  slower  reactivating  en¬ 
zyme,  and  a  combination  of  ail  three  mutations  in  one 
variant  caused  the  most  severe  decrease,  40-fold,  in  the 
rate  of  reactivation  (Table  1).  Thus,  reactivation  rates, 
as  compared  to  the  parent  enzyme,  were  seriously 
impaired  in  certain  natural  and  site-directed  mutants 
of  BuChE,  more  than  in  the  chimera. 

3.4.  C-terminal  variations  are  innocuous  in  catalytic 
terms 

Both  alternative  ACHE  DNA  forms  led  to  enzymes 
with  similar  inactivation  rates  (Fig.  3A  and  Table  1), 
demonstrating  that  the  natural  variability  in  the  C- 
terminus  of  AChE  contributes  to  the  inactivation  rate 
far  less  than  differences  in  the  acyl-binding  site  and 
gorge  lining  of  ChEs.  Moreover,  reactivation,  as  well, 
appeared  to  be  unaffected  by  the  natural  C-terminus 
modifications  in  AChE  (Fig.  3B  and  Table  1).  Finally, 
the  kinetic  rate  constants  derived  for  DFP-inactivation 
and  PAM  reactivation  of  the  AChE  preparations  en¬ 
coded  by  the  two  3'-variable  ACHE  DNAs  were  indis¬ 
tinguishable  (Tables  1  and  2),  demonstrating  that  the 
natural  C-terminal  variations  in  AChE  are  innocuous 
in  catalytic  terms. 

3.5.  Effects  of  variations  on 

To  investigate  the  contribution  of  specific  effects  of 
the  analogous  reactions  on  catalysis,  and  thereby  place 
effects  on  the  analogous  reactions  in  a  practical  con¬ 
text,  the  consequences  of  each  variation  were  further 
evaluated  by  determining  turnover  numbers  Table 
1).  The  for  human  BuChE  as  determined  by  us, 
96,000  min“\  was  in  good  agreement  with  that  re¬ 
ported  for  recombinant  mouse  BuChE  [31].  Effects  on 
k^^^  in  the  various  mutants  were  not  cumulations  of 
effects  on  k-^  and  k'^.,  nor  are  they  expected  to  be,  as 
only  the  slowest  step  will  be  reflected  in  the  catalytic 
rate.  Thus,  substitution  of  L"‘'^  with  a  basic  residue 
reduced  reactivation  40-fold  but  led  to  only  a  5-foid 
reduction  in  k^^  (Table  1).  Other  replacements  at  this 
position,  and  substitution  of  the  gorge  lining  in  the 
chimera,  had  considerably  smaller  effects  on  this  value. 
Thus,  modest  changes  in  the  catalytic  rate  may  mask 


large  variations  in  the  rates  of  specific  steps  in  the 
catalytic  process  of  both  native  and  mutant  ChEs. 


4.  Discussion 

In  order  to  more  fully  understand  the  biological 
consequences  of  the  diversity  of  ChEs,  we  dissected  the 
effects  of  specific  modifications  in  these  enzymes  on 
distinct  steps  in  catalysis.  To  this  end,  we  employed 
successive  OP  phosphorylation  and  oxime-induced  de- 
phosphoryiation  as  steps  analogous  to  the  acylation 
and  possibly  deacylation  reactions  of  substrate  hydroly¬ 
sis.  Adsorption  of  the  recombinant  ChEs  onto  immobi¬ 
lized  selective  monoclonal  antibodies  enriched  the  en¬ 
zymes,  separated  the  catalytic  steps  and  prevented 
OP-induced  ageing  and  oxime-dependent  acceleration 
of  substrate  hydrolysis.  The  rate  constants  thus  ob¬ 
tained  were  similar  to  those  published  for  the  purified 
proteins  in  solution.  This,  in  turn,  suggests  wider  use  of 
our  method  for  partial  purification  by  adsorption  onto 
antibody-coated  wells  of  microtiter  plates  and  subse¬ 
quent  activity  assay.  For  example,  protein  phosphoryla¬ 
tion  and  dephosphorylation  by  kinases  and  phospha¬ 
tases,  or  other  transient  covalent  modifications  modu¬ 
lating  protein  properties,  should  be  readily  available 
for  sequential  dissection  by  this  technique. 

We  chose  to  focus  on  three  peptide  regions  within 
the  human  ChE  molecules.  These  were  (a)  the  gorge 
lining,  known  to  differ  in  hydrophobicity  between 
AChE  and  BuChE  [6,29],  (b)  the  acyl-binding  site, 
known  to  be  critical  for  the  substrate  specificities  of 
AChE  and  BuChE  [6,31]  and  (c)  the  C-terminal  pep¬ 
tide  in  AChE,  which  is  subject  to  natural  variations  due 
to  alternative  splicing  [8,10].  DFP  was  chosen  for  com¬ 
parative  irractivation  of  these  ChEs  because  of  the 
mechanistic  similarities  of  inactivation  by  DFP  to  the 
acylation  stage  of  catalysis.  Moreover,  being  a  symmet¬ 
ric  compound,  DFP  can  have  no  inactive  stereoisomer. 
Set  against  this  is  the  fact  that  the  phosphorus  atom 
has  4  substituents,  unlike  the  carbonyl  carbon  of  sub¬ 
strates,  which  has  3,  so  that  the  substituents  inevitably 
interact  with  ChEs  somewhat  differently  than  does  a 
substrate.  In  any  event,  we  found  the  reactivity  of 
AChE  toward  DFP  to  be  remarkably  lower  than  that  of 
BuChE,  in  spite  of  the  close  similarity  of  these  two 
enzymes,  a  phenomenon  noted  40  years  ago  by  Jandorf 
et  al,  in  the  compparison  of  human  AChE  and  equine 
BuChE  [7];  our  use  of  the  ‘atypical’  and  the  chimeric 
enzyme  suggested  that  aromatic  gorge-lining  residues, 
especially  residues  Y^  and  Y’^"*,  which  participate  in 
the  peripheral  anionic  site  [25],  contribute  significantly 
toward  this  difference.  Interestingly,  even  OP  agents 
that  are,  unlike  DFP,  designed  as  anti-AChE  poisons, 
inactivate  BuChE  and  AChE  at  similar  rates  [21],  sug¬ 
gesting  a  special  vulnerability  of  BuChE  to  OPs.  Even 
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Chimera  AChE 


Fig.  4.  Tests  for  the  rate-limiting  step.  Normalized  A:j, 
^:i(mutant)//:j(BuChE),  normalized  k ,imui2.ut) / k ^(BuChE)  and 
normalized  k^^,  are  presented  for  each 

protein.  Bar  heights  tor  the  variants  are  shown  in  comparison  to  the 
reference  enzyme,  BuChE, 


in  the  case  of  those  anti-AChEs,  BuChE,  with  a  larger 
binding  site,  acts  as  a  scavenger  to  protect  AChE  [21l 
In  contrast,  the  natural  alterations  of  the  C-terminus  in 
AChE  did  not  affect  its  catalytic  properties.  This  fur¬ 
ther  emphasizes  the  dramatic  effects  of  modifications 
in  the  gorge  lining  and  acyl-binding  site,  regions  much 
more  important  for  interactions  with  ligands. 

To  draw  conclusions  about  the  effect  of  mutations 
on  the  first  phase  of  catalysis  by  the  chimera, 
mutants  and  the  AChE  variants,  we  compared  the 
changes  in  their  k-  values  to  those  observed  in  k^^^.  If 
acylation  by  a  mutant  is  rate  limiting  for  catalysis,  and 
if  phosphorylation  is  perfectly  analogous  to  acylation, 
we  would  expect  a  decrease  in  k^^  in  the  same  propor¬ 
tion  as  in  k-^.  Thus,  ^,-(mutant)/^j(BuChE),  called  nor¬ 
malized  k-^,  would  be  equal  to  normalized  k^^^ 

for  any  mutant  for  which 
acylation  is  the  rate-limiting  step.  If,  however,  acylation 
is  not  rate  limiting  for  a  mutant,  there  is  no  coupling  of 
the  values  of  the  rate  constants.  In  such  cases,  the 
rate-limiting  step  of  catalysis  may  be  seriously  impaired 
while  inactivation  rate  remains  high  (normalized  k-  ^ 
normalked  k^^),  or  catalysis  can  remain  unaffected 
while  inactivation  is  impaired  (normalized  k-  <?c 
normalized  k^^^X  Fig.  4  presents  these  normalized 'val¬ 
ues  in  a  bar  graph.  We  find  that  for  the  mutant 

(Fig.  4)  acylation  appears  to  be  rate  limiting  (the  height 
of  the  normalized  k-  bar  is  approximately  that  for  the 
normalized  k^^  bar),  but  for  the  chimera,  normalized 
k-  is  very  different  from  normalized 

In  the  same  way,  we  can  calculate  a  normalized  k^, 

^ /mutant)/ Ar/BuChE),  to  test  whether,  given  th'e 
reservations  we  have  noted,  reactivation  can  be  a  reli¬ 
able  model  for  deacylation,  i.e.  whether  this  parameter 
gives  information  that  is  consistent  with  findings  for 


the  acylation  step.  For  the  chimera,  the  height  of  the 
normalized  bar  was  close  to  that  for  the  normalized 
^cat  bar.  Therefore,  by  the  same  criterion  we  use  for 
mactivation/acylation,  we  can  tentatively  conclude  that 
for  the  chimera,  deacydation  is  rate  limiting  (Fig.  4). 
This  analysis  indicates  that  for  the  L-“K  mutant  deacy¬ 
lation  is  also  rate  limiting  (Fig.  4).  Thus,  for  the  chimera 
'^®^Snd  a  single  rate-limiting  step,  whereas^for  the 
L  K  mutant^ is  in  apparent  contradiction  to  our 
finding  regarding  acylation.  Nevertheless,  for  the  mu¬ 
tant  both  acylation  and  deacylation  may  proceed  at 
closely  similar  rates,  a  conclusion  previously  reached  by 
Quinn  on  the  basis  of  his  mechanistic  studies  on  AChE 
[20].  Our  observation  that  there  are  ChEs  for  which 
either  phase  of  reaction  seems  to  be  rate  limiting, 
apparently  indicates  the  two  rates  are  similar,  and  that 
small  modification  in  structure  can  make  either  step 
decisively  rate  limiting.  Finally,  the  normalized  k.  and 
^cat  bars  for  AChE  are  approximately  equal,  implying 
that  for  AChE  acting  on  the  poor  substrate,  butyrylth- 
iochoiine,  deacylation  seems  to  be  rate  limiting. 

The  strikingly  lower  inactivation  rate  of  the  chimera 
than  that  of  BuChE  may  be  attributable  to  its  having 
its  active  site  gorge  narrowed  by  numerous  aromatic 
residues.  (The  chimera’s  acyl  binding  site  is  unchanged.) 
Nevertheless,  it  appears  (Fig.  4)  that  for  the  chimera 
deacylation  is  the  rate-limiting  step.  This  could  be  due 
to  subtle  realignments  of  functional  residues  at  the 
catalytic  site.  For  the  mutation,  both  inactivation 
and  reactivation  are  affected.  Introduction  of  a  positive 
charge  at  the  acyl  biding  site,  and  possibly  also  tightly 
bound  water  molecules,  may  disrupt  both  phases  of  the 
reaction.  The  capacity  of  AChE  to  hydrolyze  the  disfa¬ 
vored  substrate,  butyrylthiocholine,  is  reduced  to 
l/30th  the  rate  of  BuChE.  This  may  indicate  that  even 
with  a  narrower  gorge  and  tighter  acyl-binding  site, 
deacylation  is  rate  limiting.  With  the  optimal  substrate, 
we  suspect  the  acylation  phase  for  AChE  to  be  even 
faster,  with  deacylation  remaining  the  rate-limiting  step. 

The  accessibility  of  BuChE  as  a  serum  enzyme  raises 
the  possibility  that  PAM  acts  by  regenerating  BuChE 
and  allowing  it  to  react  with  more  of  the  OP  before  the 
OP  has  a  chance  to  inactivate  neuromuscular  AChE,  in 
effect  turning  serum  BuChE  into  an  OPase.  A  finding 
with  important  consequences  for  dealing  with  OP  poi¬ 
soning  is  that  D'‘'G,  by  far  the  most  common  of  the 
phenotypically  different  BuChE  variants  [34]  reacts 
with  DFP  as  fast  as  the  normal  enzyme,  but  is  reacti¬ 
vated  by  PAM  at  only  one-fifth  the  rate.  Since  D''’G 
also  has  a  4-fold  lower  specific  activity,  than  the  wild 
type  enzyme  (ref.  [17]  and  unpublished  observations), 

D  G  BuChE  will  have  less  detoxifying  capacity  to 
protect  OP-poisoned  individuals  than  its  normal  coun¬ 
terpart.  Moveover,  when  intravenous  PAM  administra¬ 
tion,  in  conjunction  with  other  therapies,  is  used  to 
treat  OP  intoxication  [30],  carriers  of  D'"G  BuChE  will 
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have  a  S^etic  predisposition  to  poor  responses  to  such 
therapy.  This  applies  to  ‘atypical’  homozygotes,  as  well 
as  heterozygotes,  who  together  compose  up  to  1.5%  of 
some  [^pulations  [2],  Thus,  the  recently  reported  vari¬ 
able  efficacy  of  PAM  treatment  [33]  may  be  due  to 
genetic  diversity  in  the  treated  patients.  Individual 
differences  may  further  be  expected  in  the  sensitivity  to 
poisoning  by  therapeutic  anti-ChEs,  such  as  those  used 
m  Alzheimer's  disease  [9].  Natural  anti-ChEs,  such  as 
glyco-alkaloids  in  Solarium  plants  [18]  and  neurotoxins 
excreted  by  cyanobacteria  [1]  may  also  have  diverse 
effects  on  these  individuals.  From  an  evolutionarv  point 
of  ^ew,  the  existence  in  all  vertebrates  of  two  distinct 
hEs  with  specific  catalytic  properties  may  be  of  vital 
importance  as  a  survival  advantage.  Moreover,  the 
emergence  of  genetically  polymorphic  alleles  of  BuChE 
can  be  advantageous  to  all  higher  animal  species,  which 
must  be  able  to  defend  themselves  against  threats 
charactenstic  of  the  environment  to  which  they  have 
adapted.  The  biological  effects  of  natural  and  synthe¬ 
sized  anti-ChE  agents,  depending  as  they  do  upon  an 
imtial  encounter  with  BuChE,  will  thus  be  -reatly 

influenced  by  just  which  BuChE  allele  an  individual 
carries. 
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AceLylcliolinesterase  (EC  3. 1.1. 7,  AChE)  and  butyry  [cholinesterase  (EC  3.1J.8, 
DuChE)  are  two  closely  homologous  proteins.  Both  are  present  in  all  vertebrates, 
and  both  are  capable  of  hydrolyzing  the  neurotransinitter ,  acetylcholine  (ACh) . 
Several  earlier  reviews,  by  Taylor  (1991),  Massoulie  et  al,  (1993)  and  Soreq  and 
Zakut  (1993),  and  one  quite  recent  one  by  Taylor  and  Radic  (1994)  may  be 
con.sulted  for  specialized  information  on  sub-topics,  especially  on 
cholinesterases  (ChEs)  of  non-human  species  and  on  the  cell  biology  aspects  of 
tliese  enzymes.  In  the  present  review,  we  focus  on  the  human  genes  and  their 
natural  and  engineered  mutations,  and  the  impact  of  these  mutations  on  the 
responses  of  the  encoded  enzymes  to  drugs  and  poisons. 

The  most  obvious  and  best  studied  function  of  AChE  is  the  hydrolysis  of  ACh  to 
terminate  neurotransmission  at  the  neuromuscular  junction  and  nicotinic  or 
muscarinic  brain  synapses  and  secretory  organs  of  various  sorts.  Fig.  1A  outlines 
this  catalytic  process  and  presents  the  analogy  between  it  and  the  interaction  of 
ChEs  with  OP  inhibitors.  AChE  is  characterized  by  a  narrow  specificity  for  ACh 
and  certain  inhibitors  and  by  substrate  inhibition.  The  role  of  BuChE,  beyond 
hydrolyzing  ACh  at  concentrations  that  would  cause  inhibition  of  AChE 
( Augustinsson,  1948),  has  not  been  identified  with  certainty,  but  as  it  has  a 
wider  substrate  specificity  and  interacts  with  a  broader  range  of  inhibitors,  it 
has  been  proposed  that  it  scavenges  anti-ChE  agents,  protecting  synaptic  AChE 
from  inhibition  and  the  multitude  of  ACh  receptors  from  blockade  (Soreq  et  al . , 

1992) . 

1 .  Protein  chemistry  and  enzymology 

Functionally  and  structurally,  the  ChEs  belong  to  the  class  of  proteins  known  as 
the  lipase/esterase  family.  The  two  subclasses  of  this  family  hydrolyze  vastly 
different  substrates,  the  first,  in  a  homogeneous  aqueous  phase,  the  other,  at 
lipid-water  interfaces.  Still,  substantial  sequence  homology  between  its  members 
has  been  recognized,  predominantly  in  the  N-terminal  half  of  the  molecules. 
However,  comparison  of  the  three-dimensional  structure  of  Geothichum  candidum 
lipase  and  Torpedo  AChE  revealed  a  strikingly  similar  topology  that  extends 
through  the  whole  length  of  the  polypeptide  chain.  This  common  topological  fold, 
named  the  «/p-hydrolase  fold,  has  been  identified  in  all  members  of  the 
lipase/esterase  family  and  in  a  number  of  other  unrelated  hydrolases  with  no 
sequence  similarity  to  the  ChEs  or  to  each  other  (Ollis  et  al.,  1992).  Comparison 
of  structurally  conserved  (Greer,  1990)  and  variable  regions  of  the  different 
proteins  suggests  that  invariant  residues  are  placed  in  key  internal  positions  to 
ensure  correct  folding  and  that  the  majority  of  low-variability  positions  are  in 
the  core  of  the  protein.  In  contrast,  residues  facing  the  surface  are  much  les.s 
conserved.  A  large  ^-sheet  and  crossover  helices  form  the  conserved  scaffold, 
whereas  loops  covering  the  scaffold  and  surrounding  the  active  site  determine 
substrate  specificity  and  are  consequently  unique  to  each  enzyme  (Cygler  et  aJ . 

1993) . 

More  specifically,  the  three  dimensional  structure  of  AChE  is  becoming 
impressively  detailed,  thanks  to  data  acquired  from  X-ray  crystallography, 
combined  with  the  use  of  specific  ligands  and  site  directed  mutants.  The  emerging 
image  is  of  a  globular  protein  that  features  an  active  center  buried  within  its 
interior.  A  deep  and  narrow  gorge  extending  from  the  surface  of  the  protein  down 
to  the  active  center  is  the  entry  to  the  active  site  (Sussman  et  al , ,  1991).  The 
ChEs  are  notable  for  their  catalytic  rates,  which  approach  the  rate  of  diffusion, 
the  theoretical  limit  for  catalysis  by  any  enzyme.  An  interesting  mechanism  ha.s 
been  proposed  (Ripoll  et  al,,  1993)  to  explain  this  exceptionally  high  catalytic 
rate.  Computer  modeling  of  the  distribution  of  charges  in  AChE  suggests  that  the 
protein  is  a  very  strong  dipole,  with  field  lines  that  attract  the  positively 
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charged  ACh  into  the  gorge  and  down  to  the  active  site  where  the  lowest 
electrostatic  potential  lies.  Further,  the  same  field  will  accelerate  expulsion 
of  the  final  product,  the  acetate  ion.  It  has  also  been  proposed  that  a  mobile 
flap,  a  “back  door",  allows  exit  of  choline  from  the  catalytic  site  directly  to 
the  exterior  of  the  protein  without  having  to  travel  up  the  gorge,  thus  avoiding 
a  potential  traffic  problem  and  accelerating  catalytic  turnover  (Gilson  et  ai . , 
1994).  This  ingenious  proposal  awaits  experimental  verification. 

Substrate  inhibition  studies  of  AChE  suggested  that  there  exists  a  peripheral 
anionic  site  (PAS)  (Changeux,  1966).  Further  evidence  for  the  PAS  came  from  its 
interaction  with  the  reversible  inhibitor,  propidium,  which  did  not  prevent  the^ 
simultaneous  binding  of  other  inhibitors  to  the  catalytic  site  (Taylor  and  Lappi, 
1975).  Analysis  of  the  amino  acid  sequences  and  three  dimensional  models  of  AChE 
has  led  to  further  identification  of  more  residues  potentially  important  in  PAS 
involvement  in  the  catalytic  activity  and  inhibitor  interaction  of  AChE.  For 
example,  W279  positioned  at  the  entrance  to  the  gorge  on  Torpedo  AChE  (Fig.  1B). 
When  substituted  by  alanine,  inhibition  by  the  PAS-specif ic  ligand,  propidium, 
was  strongly  reduced  as  compared  with  wild- type  Torpedo  AChE,  while  action  of  the 
catalytic  site-specific  inhibitor  edrophonium  was  unaffected  (Harel  et  ai . , 

1992).  This  suggested  that  W279  is  associated  with  the  PAS.  Further  studies  on 
human  AChE  confirmed  this,  and  also  placed  at  the  PAS,  residues  Y72  (Y70)  and 
Y124  (Y121)  (see  abbreviations  footnote).  Together,  these  residues  close  to  the 
entrance  to  the  active  site  gorge,  comprise  several  overlapping  binding  sites 
that  all  share  residues  W286  (W279)  and  D74  (D72)  (Barak  et  ai . ,  1994).  The 
information  that  the  PAS  is  occupied  is  thought  to  be  communicated  to  the  active 
center  from  D74  (D72)  near  the  surface,  on  to  Y341  (Y334),  with  which  it  is 

hydrogen  bonded,  and  relayed  to  Y337  (F330)  at  the  hydrophobic  subsite  of  the 
active  center,  which  may  rotate  into  the  active  site  and  block  access  of 
potential  ligands  (Ordentlich  et  al , ,  1993a;  Shafferman  et  al.r  1992b).  Support 
for  the  role  of  D74  (D72)  comes  from  its  unique  capacity  to  influence  events 
taking  place  both  at  the  PAS  and  the  active  center  (Barak  et  ai . ,  1994).  It  was 
further  shown  for  AChE  that  W286  (W279)  is  coupled  to  W86  in  the  active  center. 

It  was  suggested  that  a  "crosstalk"  between  these  two  tryptophan  residues  results 
in  reorientation  of  W86  (W84)  which  may  interfere  with  stabilization  of  enzyme- 
substrate  complexes  (Ordentlich  et  al . ,  1993a).  However,  whether  or  not  W286 
(W279)  is  implicated  in  the  well-known  phenomenon  of  substrate  inhibition  of  AChE 
(Shafferman  et  al,,  1992b;  Harel  et  al . ,  1992),  is  controversial.  There  is  no 
.such  evidence  for  a  PAS  in  BuChE,  although  its  substrate  activation  by  ATCh 
(Cauet  et  al,,  1987)  and  substrate  inhibition  by  benzoylcholine  ( Augistinsson, 
1948)  suggest  that  one  may  exist. 

Studies  on  a  mutant  human  BuChE,  the  "atypical"  variant,  identified  another 
residue  that  affects  inhibitor  interactions  of  thd3  ChEs.  The  variation  was 
identified  as  a  point  mutation  of  aspartate  70,  which  was  replaced  by  a  glyicne 
residue  (D70G)  (McTiernan  et  al.,  1989;  Lockridge,  1990;  Neville  et  al,,  1990b), 
and  the  variant  was  demonstrated  to  display  decreased  interactions  with 
inhibitors  (Gnatt  et  al . ,  1990;  Neville  et  al . ,  1990a;  McGuire  et  al.,  1989)  and 
a  4-fold  lower  specific  activity  than  the  wild-type  BuChE  (Neville  et  al,,  1992). 
This  natural  mutation  and  the  many  others  discovered  after  it  (reviewed  by  Soreq 
and  Zakut,  1993)  are  presented  in  Table  1.  The  finding  of  this  mutation  led  to 
intense  work  on  the  homologous  residue  of  AChE  (see  below) . 

In  the  gorge  lining  six  aromatic  residues,  typical  of  AChEs,  are  different  in 
BuChEs.  Two  of  them,  F288  and  r290,  which  are  positioned  at  the  acyl-binding 
pocket  at  the  bottom  of  the  gorge,  were  replaced  with  their  counterparts  in 
BuChE,  leucine  and  valine,  respectively.  The  resultant  double  mutant  hydrolysed 
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DTCb  almost  as  well  as  ATCh  (Harel  et  al.,  1992).  It  was  also  inhibited  by  the 
DuChE-specific  inhibitor  isoOMPA  at  a  rate  considerably  faster  than  AChE.  Thus, 
the  bulky  phenylalanyl  residues  at  the  gorge  lining  in  AChE  seem  to  prevent 
entrance  of  BTCh  and  iso-OMPA  into  the  acyl-binding  pocket.  Similar  studies  were 
performed  on  mouse  AChE  (Vellom  et  al.,  1993),  with  parallel  results.  Table  2 
summarizes  briefly  the  many  site-directed  mutagenesis  studies  on  variable  ChEs 
and  their  biochemical  implications. 

A  chimeric  protein  was  created  by  exchanging  a  polypeptide  sequence  that  includes 
the  rim  of  the  gorge  (including  D70)  with  the  corrijsponding  sequence  from  human 
AChE.  It  includes  part  of  the  conserved  gorge  linihg  and  oxyanion  hole,  and  the 
choline  binding  site  of  human  BuChE  (residues  58  to  133  of  the  BuChE  sequence). 
Therefore,  its  properties  help  explain  the  roles  of  these  sites  in  catalysis  and 
inhibitor  interactions  (Loewenstein  et  al.,  1993a).  The  catalytic  properties  of 
the  chimera  were,  in  general,  identical  to  those  of  BuChE,  sharing  with  BuChE 
recognition  of  succinyl  choline  as  a  substrate  and  physostigmine  (eserine)  as  an 
inhibitor.  However,  the  chimera  acquired  the  AChE-like  sensitivity  to  inhibition 
by  echothiophate  and  iso-OMPA  and  displayed  a  pattern  of  inhibition,  more  similar 
to  that  of  AChE  than  of  BuChE,  toward  the  anti-asthma  drug,  barabuterol,  the  local 
anesthetic,  dibucaine,  and  tlie  AChE-specif ic  inhibitor,  BW  284C51 .  It  was 
concluded  that  the  exchanged  residues  interact  with  inhibitors  but  not 
substrates.  A  similar  chimera,  but  of  the  mouse  ChEs,  was  a  substitution  of  the 
amino-terminal  174  residues  of  AChE,  which  probably  constitute  the  lip  of  the 
active  site  gorge,  with  the  cognate  residues  of  BuChE.  This  chimera  showed 
considerably  less  inhibition  by  BW  284C51  than  the  parent  AChE  (Vellom  et  al . , 
1993).  Additional  support  for  the  role  of  this  region  in  inhibitor  interactions 
comes  from  kinetic  studies  of  DFP  inhibition  of  human  ChEs.  BuChE  was  inhibited 
at  a  160-fold  faster  rate  than  AChE,  and  the  human  BuChE/AChE  chimera,  which 
differs  from  BuChE  by  only  15  non-conserved  residues,  was  inhibited  at  a  rate 
similar  to  that  of  AChE  (Schwarz  et  al . ,  1994).  In  contrast,  substitutions  at  the 

acyl-binding  pocket  resulted  in  a  2-  to  5-fold  reduction  in  rate.  Also  changes  at 
the  carboxyl  terminus  of  AChE  had  no  effect  on  the  inactivation  rate,  re¬ 
emphasizing  the  importance  of  inhibitor  interactions  at  the  same  region  as  was 
exchanged  in  the  human  ChE  cliimera.  ^ 

Fig.  2  presents  the  diverse  mutations  introduced  into  ChEs  from  various  species. 
At  the  active  center  of  Torpedo  AChE,  site-directed  mutagenesis  was  employed  to 
identify  S200,  H440  and  E327  as  the  catalytic  triad.  This  is  the  first  serine 
hydrolase  found  with  glutamate  as  opposed  to  aspartate  in  its  charge  relay  system 
(Sussman  et  al.,  1991;  Gibney  et  al.,  1990;  Shafferman  et  al.,  1992a). 
Subsequently,  other  members  of  the  lipase/esterase  family  were  found  to  display 
similar  S-II-E  triads.  Substitution  of  active  site  human  W86  (W84)  with  alanine 
caused  a  660-fold  decrease  in  the  affinity  for  ATCh  but  had  no  effect  on  the 
affinity  for  an  uncharged  isosteric  substrate,  3 , 3-dimethylbutyl  thioacetate. 
Diminished  inhibition  by  PAS-specific  agents  was  also  observed.  This  identified 
W86  (W04)  as  the  classical  "anionic"  subsite  of  tlie  active  center  that  binds  the 
cationic  quaternary  ammonium  group  of  choline  and  active  site  inhibitors  such  as 
edrophonium  (Ordentlich  et  al . ,  1993a) .  In  fact  the  anionic  site  is  a 

tryptophan  residue,  the  H  electrons  of  which  interact  with  the  quarternary 
ammonium  group  (Harel  et  al.,  1993).  It  also  reenforces  the  suggested  involvement 
of  this  residue  in  communicating  to  the  active  center,  the  effect  of  occupancy  of 
the  PA!3  by  a  ligand  (Shafferman  et  al.,  1992b).  At  the  active  site  of  BuChE, 
alterations  at  F329  (F331),  L286  (F288)  and  Y440  (Y442)  had  marked  effects  on 
inhibitor  interactions.  In  the  case  of  F329  (F331)  and  Y440  (Y442)  this  was 
achieved  without  significantly  changing  K,„,  demonstrating  distinct  requirements 
for  inhibition  and  substrate  interactions  at  the  acyl-  and  choline-binding  pocket 
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(Grif)  tt  et  ai  1  994  )  . 

Mutation  of  G199  in  Torpedo  (Gibney  et  al . ,  1990)  or  F297  (F290)  in  mouse  AChE 
(Vellom  et  al . ,  1993)  eliminates  substrate  inhibition,  suggesting,  again,  that 
the  mutations  interrupt  intramolecular  information  transfer  between  the  surface 
and  the  interior  of  the  protein. 

2 .  The  human  cholinesterase  genes 

Structure  of  the  gene  ^  .  u 

In  man,  the  two  functionally  distinct  ChEs,  AChE  and  BuChE,  which  share  a  high 
degree  of  amino  acid  sequence  homology  (>50%),  are  encoded  by  two  separate  genes, 
ACHE  and  BCHE,  respectively  (Soreq  et  al . ,  1990;  Fig.  3).  The  two  genes  have ^ 
similar  exon-intron  organization  (see  below)  but  radically  different  nucleotide 
composition,  ACHE  being  G,C-rich  while  BCHE  is  A,T-rich.  The  electric  eel, 

Torpedo  marmorata,  has  both  an  ACHE  and  a  BCHE  gene  (Toutant  et  al.,  1985),  but 
in  insects  a  single  gene  encodes  one  ChE  protein  with  mixed  AChE  and  BuChE 
properties  (Hall  and  Malcolm,  1991;  Taylor  and  Radic,  1994).  Gene  duplication  and 
divergence  into  separate  AChE  and  BuChE  enzymes  apparently  occurred  before  the 
evolution  of  the  first  vertebrates  (Soreq  and  Zakut,  1990,  Taylor,  1991)  .  The 
presence  of  two  distinct  CHE  genes  in  all  vertebrates  studied  to  date,  indicates 
that  both  protein  products  are  biologically  required  in  these  species,  and 
presumably  that  they  have  distinct  roles. 

The  human  ACHE  gene  spans  about  7  kb  and  includes  6  characterized  exons  and  4 
introns.  It  can,  through  alternative  splicing,  give  rise  to  several  different 
mRNA  transcripts  (Sikorav  et  al . ,  1988;  Maulet  et  al.,  1990)  (see  below).  The 
BCHE  gene  is  much  larger  than  ACHE,  spanning  70  kb,  and  consists  of  4  exons,  the 
first  of  which  is  non-translatable  but  contains  two  potential  translation 
initiation  sites,  and  the  second  of  which  contains  83%  of  the  coding  sequence 
(Arpagaus  et  al.,  1990;  Gnatt  et  al.,  1991).  Only  one  BCHE  mRNA  transcript  has 
been  identified  to  date. 

Chromosomal  location 

Mapping  of  the  human  BCHE  gene  to  its  defined  chromosomal  location,  3q26-ter,  was 
first  performed  by  in  situ  hybridization  to  lymphocyte  chromosomes  and  by  blot 
hybridization  to  DNA  of  hybrid  somatic  cells  (Gnatt  et  al.,  1990).  Direct  PCR 
amplification  of  human  BCHE-specif ic  DNA  fragments  from  somatic  cell  hybrids  and 
chromosome  sorted  libraries  later  confirmed  this  mapping  of  the  BCHE  gene  to 
chromosome  3q26~ter  (Gnatt  et  al . ,  1991  )  .  When  using  ACHE  specific  primers,  a 
prominent  PCR  product  was  observed  with  DNA  from  two  different  cell-lines  and 
from  one  chromosome  sorted  library,  all  containing. DNA  from  human  chromosome  7. 
The  use  of  fluorescent  in  situ  hybridization  with  biotinylated  ACHE  DNA,  mapped 
the  refined  position  of  the  ACHE  gene  to  chromosome  7q22  (Ehrlich  et  al . ,  1992; 
Getman  et  al.,  1992).  These  findings  confirmed  predictions  that  the  two  closely 
related  CHE  genes  are  not  genetically  linked  in  the  human  genome  (Gnatt  et  al., 
1991).  They  further  revealed  that  these  two  apparently  unrelated  genes  are  both 
located  at  chromosomal  sites  subject  to  frequent  breakage  in  leukemias  (Ehrlich 
et  al. ,  1994)  . 

Control  elements 

In  man,  AChE  is  produced  in  muscle  and  nerve,  in  hemopoietic  cells  (Patinkin  et 
al.,  1990;  Lev-Lehman  et  al . ,  1994;  Soreq  et  al.,  1994),  embryonic  tissues  (Zakut 
et  al.,  1985;  Zakut  et  al . ,  1990),  several  tumors  ( Lapidot-Lif son  et  al.,  1989) 
and  germ  cells  (Malinger  et  al . ,  1989).  Since  the  gene  encoding  AChE  exists  as  a 
single  copy,  the  regulatory  elements  controlling  its  activity  are  expected  to 
respond  to  activating  factors  specific  for  these  tissues  and  cell  types.  Indeed, 
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a  596  bp  fragment  upstream  of  the  initiation  site  for  transcription  contains 
numerous  consensus  motifs  characteristic  of  binding  sites  for  various 
transcription  factors  (Ben  Aziz-Aloya  et  al.,  1993).  The  observed  sequences 
include  several  types  of  nerve-specific  motifs:  the  Egr-1  sequence, 
characteristic  of  brain-specific  signal  transduction  pathways,  the  CBEB  motif, 
that  predicts  cAMP  responsiveness,  and  the  AP2  signal,  that  is  unique  to  genes 
expressed  in  neuronal  crest  cells.  In  addition,  several  MyoD  motifs,  associated 
with  muscle-specific  gene  expression  and  the  E-box  motif  found  in  the 
hematopoietically  expressed  heavy  chain  immunoglobulin  genes  are  present.  The 
GAGA,  Zeste  and  USE  motifs,  known  as  recognition  sites  for  genes  induced  during 
embryonic  development  were  also  observed  (Ben  Aziz-Aloya  et  al . ,  1993).  Thus,  the 
tightly  regulated  yet  pleiotropic  expression  of  ACHE  in  humans,  could  at  least  in 
part  stem  from  the  activity  of  the  regulatory  elements  present  in  this  short 
sequence.  However,  the  promoter  sequence  alone  cannot  explain  the  intricate 
pattern  of  tissue-specific  expression  shown  by  the  ACHE  gene,  as  is  evident  from 
the  observation  that  in  transgenic  mice  carrying  this  promoter  sequence  and  the 
human  AChE  coding  sequence,  AChE  production  was  found  to  be  limited  to  the^ 
central  nervous  system  (CNS)  (Andres  et  al . ,  1994).  This  suggests  that  additional 
control  elements,  upstream  from  the  sequenced  promoter  and  which  were  not ^ 
included  in  the  sequence  incorporated  into  the  genome  of  the  transgenic  mice,  are 
involved  in  regulating  AChE  production. 

Coordination  of  expression  with  other  cholinergic  factors 

Several  mechanisms  ensure  that  there  is  an  appropriate  balance  of  the  proteins 
that  function  at  the  cholinergic  synapse.  The  ACh  transporter  is  encoded  by  an 
intron-less  sequence  embedded  in  the  choline  acetyltransf erase  (ChAT)  gene,  so 
expression  of  the  two  is  coordinated  (Erickson  et  al,,  1994).  Expression  of  the 
acetylcholine  receptor  (AChR),  too,  is  coordinated  with  that  of  AChE  (Kristt  and 
Kasper,  1983),  in  spite  of  the  fact  that  it  is  the  product  of  several  genes, 
located  on  different  chromosomes.  The  molecular  mechanism  of  this  coordination  is 
unknown,  but  increasing  the  amount  of  AChE  expressed  at  the  synapse  by  injection 
of  ACHE  mRNA  into  fertilized  Xenopus  eggs,  causes  morphological  changes  in 
neuromuscular  junctions  within  the  resultant  embryos  (Seidman  et  al,,  1994). 

These  are  particularly  conspicuous  in  electron  micrographs  of  myotomes,  where  the 
synapse  covers  a  larger  surface  area  and  the  cleft  is  wider,  seemingly 
coordinated  with  the  increased  amount  of  the  nicotinic  ACh  receptor  (nAChR) 
(Shapira  et  al , ,  1994). 

Alternative  splicing 

Yet  another  level  of  control  over  expression  of  the  ACHE  gene  is  that  of 
alternative  splicing,  a  process  involving  the  precise  excision  of  intronic 
sequences  from  the  precursor  nuclear  mRNA.  All  AChE  mRNA  forms  include  exons  1  to 
4,  and  alternative  splicing  may  occur  both  at  their  5'  and  their  3*  ends.  In  the 
major  mRNA  form,  found  mainly  in  brain  and  muscle,  the  E4  exon  is  directly^ 
continued  with  E6,  the  connecting  sequence,  including  I4  and  E5,  being  spliced^ 
out  (Fig.  3).  Two  alternatively  spliced  forms  encode  a  protein  with  the  potential 
to  be  anchored  through  a  glycophosphoinositide  (GPI)  residue  to  the  cell  surface 
of  hematopoietic  cells;  these  two  alternative  transcripts  are  also  expressed  in 
several  different  tumor  cell  lines  (Karpel  et  al,,  1994a).  In  one  of  these  mRNA 
forms,  the  transcript  continues  through  I4,  E5  and  E6;  in  the  other,  I4  is 
spliced  out.  An  open  reading  frame  continues  through  E4,  I4  and  a  small  part  of 
E5,  is  missing  E6  but  encodes  a  29  residue  hydrophobic  polypeptide  sequence 
typical  of  sequences  that  can  be  enzymatically  exchanged  for  a  GPI  membrane 
anchor  (Turner ,  1 994 ) .  Therefore,  at  least  three  forms  of  human  AChE  mRNA  are 
predicted,  differing  in  the  3 '-ends  of  their  coding  sequences.  The  major  brain 
and  muscle  form  contains  E6,  whereas  those  encoding  the  two  potentially 


7 


GPI  linked  proteins  include  the  open  reading  frames  of  I4  and  E5,  or  E5  alone 
(Karpel  et  al . ,  1994a).  The  alternative  splicing  patterns  at  the  5 ' -end  of  human 

AChE  mRNA  have  not  yet  been  fully  characterized;  however,  it  is  clear  that  they 

do  not  change  the  coding  sequence. 

Polymorphism  of  molecular  forms 

For  AChE,  several  post-translational  modifications  including  palmitoylation 
(Roberts  et  al.,  1988a),  oligomeric  assembly,  association  with  noncatalytic 
subunits,  glycosylation  and  the  attachment  of  phospholipids  have  been  discovered, 
some  of  wliich  affect  the  quaternary  structure  of  the  enzyme  or  direct  it  to  its 
correct  subcellular  localization  (Massoulie  et  al . ,  1993). 

The  ChEs  are  largely  extracellular,  being  either  soluble  or  attached  to  the 

external  surfaces  of  cells.  Monomers  of  the  AChE  molecule  may  associate  to  form 

dimers  and  higher  levels  of  organization  through  inter-monomer  disulfide  bonds 
and  disulfide  bonds  to  a  non-catalytic  polymer.  These  forms  are  referred  to  as  G1 
(globular,  monomeric),  G2  (disulfide-linked  dimers  of  Gl )  and  G4  (non-covalently 
associated  dimers  of  G2) .  G4s  may  be  linked  in  mammalian  brain  to  a  20  kDa 
polymer  of  undefined  nature  (Inestrosa  et  al . ,  1987;  Fuentes  et  al.,  1988),  or  to 
a  GPI  which  is  anchored  in  the  plasma  membrane  of  cells,  notably  erythrocytes  and 
cells  of  the  Torpedo  electric  organ  (Futerman  et  al.,  1985a, b;  Silman  and 
Futerman,  1987;  Taylor,  1991).  However,  in  rat  brain  a  hydrophobic  region  of  ACliE 
has  been  identified  through  which  the  enzyme  can  directly  bind  to  membranes,  and 
no  20  kDa  protein  associated  with  AChE  was  observed  in  this  study  (Andres  et  al . , 
1990,  1992).  One  to  3  G4s  may  be  linked  to  ends  of  the  3  strands  of  a  collagen¬ 
like  protein,  achieving  yet  higher  levels  of  assembly  (Hall,  1973).  There  is  good 
evidence  that  the  forms  associated  with  the  collagen-like  tail  are  bound  to 
heparan  sulfate  proteolglycans  of  the  basal  lamina  of  neuromuscular  junctions  and 
muscle  endplates  (McMahan  et  al.,  1978).  The  carbohydrate  composition  of  membrane 
bound  forms  of  AChE  from  brain  and  erythrocytes  varies,  as  seen  by  interactions 
with  lectins,  suggesting  an  additional  level  of  complexity  of  ChE  polymorphism 
(Meflah  et  al.,  1984).  AChE  also  appears  in  a  soluble  form  in  serum,  and  hybrids 
of  AChE  and  BuChE  have  also  been  reported  (Tsim  et  al . ,  1988). 

BuChE  appears  in  many  of  the  same  forms  (Gl ,  G2,  G4)  as  AChE.  Gl  is  also 
disulfide-linked  to  albumin  and  another  unidentified  protein  (Masson,  1991). 
Further  experimental  work  will  be  required  to  clarify  the  molecular  basis  of  the 
differences  between  salt-soluble  (hydrophilic)  and  detergent-soluble 
(hydrophobic)  forms  of  ChEs,  the  nature  of  the  20  kDa  mammalian  polymer  and  its 
collagen-like  counterpart  in  neuromuscular  junctions  and  the  cellular  site  at 
which  these  assemblies  are  made  (Massoulie  et  al . ,  1993).  Further  information  is 
likely  to  come  from  investigations  into  the  heritable  failure  to  link  G4  AChE 
with  its  collagen-like  tail  and  the  consequent  absence  of  AChE  activity  at  motor 
endplates  (see  section  7). 

That  the  oligomeric  assembly  of  BuChE  is  regulated  by  tissue-specif ically 
expressed  proteins,  was  suggested  by  several  lines  of  evidence.  In  vitro 
transcribed  BuChE  mRNA,  when  microin jec ted  alone  into  Xenopus  oocytes,  induced 
the  formation  primarily  of  dimeric  BuChE.  However,  tissue-extracted  mRNA  induced 
higher  levels  of  subunit  assembly,  as  seen  when  synthetic  BuChE  mRNA  was 
complemented  with  muscle  poly (A) ^  RNA.  This  resulted  in  a  quantitative 
distribution  of  BuChE  among  several  forms  that  resembled  the  distribution  of 
muscle  AChE  (Dreyfus  et  al . ,  1989;  Soreq  et  al.,  1989).  More  recently,  it  was 
shown  that  human  AChE  cannot  assemble  into  multimeric  forms  in  transiently 
transgenic  Xenopus  embryos  (Seidman  et  al.,  1994),  although  it  assembles 
correctly  when  expressed  in  brain  neurons  of  a  stably  transgenic  mouse  pedigree 
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(Andres  et  al . ,  1994).  These  findings  suggest  that  the  yet  unidentified  factors 
required  for  AChE  assembly  direct  aggregation  in  a  tissue-  or  species-specific 
manner . 

Evidence  for  the  importance  of  glycosylation  for  the  intracellular  transport  of 
ChEs,  but  not  for  their  catalytic  activity,  comes  from  experiments  in  which 
glycosylation  of  human  BuChE  was  inhibited  by  tunicamycin  (Dreyfus  et  al . ,  1989; 
Soreq  et  al , ,  1989)  and  in  which  the  glycosylation  Sites  of  human  AChE  at  N265, 
N350  and  N464  were  mutated  (Velan  et  al.,  1993).  Similarly,  active  non- 
glycosylated  recombinant  AChE  can  be  produced  in  bacteria  (Fisher  et  ai . ,  1993). 

3 .  Inhibition  of  cholinesterases,  mechanism  and  consequences 
Inhibition  of  ChE  can  be  achieved  by  several  different  mechanisms.  Simple 
competitive  inhibition  is  caused  by  such  quaternary  compounds  as  edrophonium, 
which  binds  selectively  to  the  active  site  where  it  is  stabilized  by  interaction 
of  its  quaternary  nitrogen  with  the  choline-binding  pocket,  and  by  hydrogen 
bonding  (Sussman  et  a J . ,  1992;  Harel  et  al,,  1993).  In  contrast  to  edrophonium, 
carbamyl  esters  serve  as  hemi-substrates .  During  catalysis,  a  carbamoyl  enzyme 
intermediate  is  formed,  which  is  far  more  stable  than  the  acetyl-ChE 
intermediate.  The  very  slow  hydrolysis  of  the  intermediate  effectively  sequesters 
ChE  for  several  hours.  Neostigmine  (Fig.  4),  one  of  many  physostigmine 
derivatives,  has  increased  stability  and  potency  equal  to  or  greater  than 
pliysos t igmine .  Demecarium,  two  neostigmine  molecules  linked  by  a  10-carbon  chain, 
has  even  greater  affinity,  since  it  interacts  not  only  with  the  active  site  but 
also  with  the  PAS  at  the  entrance  of  the  active  site  gorge.  As  an  ACh  analog, 
physostigmine  can  also  block  nAChRs  (Shaw  et  al,,  1985;  Coleman  et  al.,  1987).  In 
fact,  quaternary  ammonium  anti-ChE  compounds  have  additional  direct  actions  at 
cholinergic  sites,  either  as  agonists  or  antagonists.  For  example,  neostigmine 
affects  the  spinal  cord  and  the  neuromuscular  junction,  both  by  inhibition  of 
AChE  activity  and  by  stimulation  of  cholinergic  receptors. 

ACh  is  released  from  motor  neurons  in  fairly  well-defined  quanta  of  about  10,000 
molecules  in  response  to  closely- timed,  discrete  nerve  impulses.  Once  released, 
ACh  causes  a  localized  depolarization  of  the  muscle  fiber  membrane,  initiating  an 
action  potential  that  is  propagated  along  its  length.  Normally,  the  time  required 
for  AChE  to  hydrolyze  the  ACh  released  at  a  single  time  is  shorter  than  the  decay 
of  this  endplate  depolarization  (and  the  following  refractory  period) .  Therefore, 
each  nerve  impulse  gives  rise  to  only  a  single  wave  of  depolarization.  However, 
inhibition  of  AChE  will  prolong  the  period  in  which  ACh  is  available  to  act  on 
the  muscle  ACh  receptors.  This  results  in  a  longer  decay  of  the  endplate 
potential,  and  an  overlap  with  subsequent  nerve  impulses  and  muscle  fiber 
depolarizations.  This  abolition  of  the  synchronization  of  nerve  impulses, 
endplate  depolarizations  and  action  potentials  is  seen  as  muscle  spasms.  Further 
inhibition  of  AChE  will  subsequently  cause  blockade  owing  to  continuous 
depolarization . 

Orqanophosphates  as  anti-cholinesterases 

Organophosphates  (OPs),  mainly  man-made  but  also  in  at  least  one  example, 
occurring  naturally  in  cyanobacteria  (Carmichael,  1994),  act  as  hemi-substrates 
of  ChEs,  specifically  phosphorylating  the  active  site  serine,  just  as  the  natural 
substrate  acylates  it  (Fig.  5).  Since  the  rate  of  hydrolysis  of  the  phosphoryl  or 
phosphonyl  enzyme  is  very  much  slower  tlian  deacylation,  OPs  are  effectively 
irreversible  ChE  inhibitors. 


Because  OP  poisoning  has  been  recently  reviewed  (Marrs,  1993),  we  will  only 
briefly  summarize  some  of  the  salient  points.  OPs  have  also  been  developed  as 
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chemical  weapon  systems,  and  these  potential  battlefield  threats  have  provoked 
considerable  study  of  their  short-  and  long-term  physiological  effects,  OP 
anti-CliEs  are  potent  insecticides,  due  to  their  inhibition  of  the  insects*  flight 
muscle  ChE,  with  resulting  paralysis  and  death.  Because  the  OPs  are 
environmentally  non-persistent  --  being  subject  to  non-enzymatic  hydrolysis  -- 
they  are  increasingly  replacing  organic  chloride  compounds  which  are  in  disfavor 
because  of  their  indiscriminate  effects  (WHO,  1986a, b).  As  a  result  of  the 
extensive  use  of  OP  pesticides  in  agriculture,  accidental  poisoning  of  humans 
increased  between  1973  and  1984,  from  half  a  million  to  one  million  cases  per 
year,  worldwide  (United  Nations  Security  Council,  1984).  Particularly  affected 
are  locales  where  their  use  is  poorly  regulated.  There  are  immediate  effects  of 
OP  poisoning,  including  respiratory  depression,  muscular  paralysis  and 
convulsions  (Foutz  et  al.,  1987),  and  delayed  effects  including  diarrhea,  weight 
loss,  insomnia,  myopathy  and  mental  depression  (Wecker  et  aJ.,  1978).  Although 
most  modern  insecticides  are  designed  to  have  low  vertebrate  toxicity,  subacute 
dietary  consumption  of  these  poisons  (contaminating  remnants  on  vegetables  and 
fruits)  may  induce  chronic  cholinergic  poisoning  of  fish  and  animals  (Salte  et 
al,f  1987),  including  humans  (Ratner  et  al . ,  1983).  One  very  serious  effect  of 
exposure  to  OPs  is  the  increased  risk  of  leukemia  (Brown  et  al , ,  1990).  Also,  an 
individual  with  exceedingly  low  BuChE  activity  and  a  history  of  exposure  to 
agricultural  OPs  had  a  100-fold  amplification  of  the  "atypical"  variant  BCHE 
gene,  which  was  not  seen  in  his  parents,  but  was  passed  on  to  the  next  generation 
(Prody  et  al.,  1989).  The  clinical  consequences  of  this  are  not  yet  apparent,  but 
any  potential  effect  of  OPs  on  the  genome  is  of  great  concern.  A  molecular 
description  of  some  secondary  effects  of  OP  poisoning  on  the  nervous  system  has 
been  presented:  the  down-regulation  of  muscarinic  receptors  following  chronic 
inhibition  of  AChE  (Olianas  et  aJ . ,  1984;  Clement,  1991). 

Generally,  anti-AChE  agents  at  low  concentrations  cause  spontaneous  action  in  the 
autonomic  ganglia,  whereas  higher  concentrations  will  bring  about  persistent 
depolarization  via  nAChRs,  leading  to  blockade  of  the  ganglia.  A  similar  picture 
may  be  drawn  for  the  CNS  (Taylor,  1990).  The  characteristic  pharmacological 
effects  of  ChE  inhibitors  are  due  primarily  to  the  prevention  of  ACh  hydrolysis 
by  AChE  at  sites  of  cholinergic  transmission,  the  consequences  of  which  have  been 
described  above.  Flowever,  anti-AChE  agents  are  used  to  treat  glaucoma  by  reducing 
intraocular  pressure,  and  to  enhance  gastrointestinal  motility  and  gastric 
secretion,  via  the  vagus  nerve  (Taylor,  1990). 

Treatment  of  OP  poisoning 

Treatment  of  OP  poisoning  includes  prophylactic  and  therapeutic  approaches  such 
as  protection  against  the  OP  agent  with  reversible  inhibitors  (Wills,  1970),  e.g. 
pyridostigmine  (Fig.  4),  which  protects  some  AChE  molecules  from  inactivation  by 
the  OP  agent,  later  to  spontaneously  regenerate  a  free  active  enzyme.  Muscarinic 
symptoms,  e.g.  increased  tracheobronchial  and  salivary  secretion,  can  be 
effectively  antagonized  by  a  sufficient  dosage  of  atropine,  an  antagonist  of  the 
muscarinic  receptor  (mAChR),  while  it  has  virtually  no  effect  on  peripheral 
neuromuscular  activation  and  subsequent  paralysis.  The  catalytically  inactive 
phosphoryl -enzyme  can  be  reactivated  by  a  cationic  oxime  through  nucleophilic 
displacement  of  the  phosphoryl  moiety  from  the  active  site  serine  (Aldridge  and 
Reiner,  1972;  see  Fig.  1A) .  Since  reactivation  by  oximes  is  most  marked  at  the 
skeletal  neuromuscular  junctions,  it  is  an  important  complement  to  atropine 
therapy.  These  beneficial  effects  are  less  evident  at  autosomal  effector  sites 
and  insignificant  in  the  CNS.  2-PAM  is  such  an  oxime,  with  features  of  ACh  that 
permit  it  to  bind  to  the  active  site  of  ChEs. 

The  phosphoryl -enzyme  can  undergo  a  rather  rapid  process  of  "aging*'  which  leaves 
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it  refractory  to  reactivation  by  oximes.  This  process  is  probably  due  to 
dealkylation,  leaving  a  much  more  stable  aged  OP-conjugate  (Aldridge,  1975).  The 
ageing  process  proceeds  at  a  higher  rate  with  phosphonates  containing  tertiary 
alkoxy  groups  than  with  secondary  or  primary  ones  (Aldridge,  1975).  E199  in 
Torpedo  AChE  (Saxena  et  al,,  1993)  and  two  residues  in  human  AChE,  the  active 
center  E202  (E199)  and  the  peripheral  E450  (E443)  (Ordentlich  et  aJ . ,  1993b), 
have  been  implicated  in  the  aging  process.  When  substituted  with  glutaniine  or 
alanine,  respectively,  the  resulting  enzyme  variants  showed  striking  resistance 
to  aging  following  inhibition  by  DFP  (Ordentlich  et  al . ,  1993b;  see  table  1  for 
details ) . 

Natural  ChE  poisons 

Over  a  hundred  years  ago  the  Western  world  became  aware  of  the  pharmacological 
properties  of  calabar  bean  extracts  (Silver,  1974).  These  were  eventually 
attributed  to  the  ability  of  physostigmine  to  inhibit  ChEs.  The  mode  of 
inhibition  has  been  described,  above.  Synthetic  versions,  neostigmine  and 
pyridostigmine  (Fig.  4)  have  been  made  in  order  to  enhance  effectiveness  or 
specificity. 

Glycoalkaloids  and  aglycones  of  the  Solanaceae  are  also  inhibitors  of  ChEs,  The 
Solanaceae  include  such  important  foods  as  the  potato,  tomato  and  eggplant. 
Although  both  in  vitro  effects  of  these  substances  and  cases  of  poisoning  by  them 
have  been  documented,  it  is  not  yet  clear  whether  they  exert  an  evolutionary 
pressure  (Ehrlich  et  al.,  1994). 

Potential  strategies  for  improved  protection  against  OPs 

An  experimental  approach  to  protecting  synaptic  AChE  from  OP  poisoning  has  been 
to  augment  the  existing  function  of  erythrocyte  membrane  AChE  to  act  as  a 
scavenger  of  OPs,  by  injecting  human  AChE  into  test  animals  and  monitoring  the 
biological  effects  of  OPs.  In  test  animals  the  half-life  of  native  exogenous  AChE 
is  on  the  order  of  40  h.  In  such  studies  (Raveh  et  al.,  1989;  Maxwell  et  al., 

1992;  Wolfe  et  al.,  1994)  exogenous  AChE  did  indeed  increase  the  LDso  for  soman 
and  MEPQ.  A  further  refinement  has  been  to  test  human  BuChE,  the  most  prevalent 
soluble  circulating  ChE  (Ashani  et  al.,  1991;  Raveh  et  al . ,  1993),  as  a 
protective  agent  for  mice  and  rats,  and  BuChE  from  bovine  fetal  or  equine  serum 
(Doctor  et  al.  1991;  Wolfe  et  al.,  1994;  Doctor  et  al.,  1993)  in  primates.  These 
protocols,  too,  were  successful  in  protecting  against  subsequent  injections  of 
soman,  preventing  both  acute  effects,  and  long-term  (6  weeks)  behavioral  effects. 
This  approach  is  claimed  (Wolfe  et  al.,  1994)  to  be  much  more  successful  than  the 
established  alternative  therapy  of  2-PAM  and  atropine,  combined  with  diazepam  (to 
deal  with  the  problem  of  seizures).  However,  the  combined  use  of  2-PAM  and  human 
BuChE  together  is  potentially  more  efficacious  than  either  one  alone,  since 
phosphoryl-BuChE  is  rapidly  reactivated  by  2-PAM,  effectively  allowing  BuChE  to 
catalytically  turnover  OPs  (Schwarz  et  al.,  1994).  As  a  very  limited  range  of  OPs 
has  been  tested  in  this  manner,  it  remains  to  be  seen  just  how  effective  this 
strategy  will  be  when  applied  to  cases  of  accidental  exposure  to  the  more 
sophisticated  pesticide  OPs  or  of  overdose  of  pharmacological  OPs.  For  instance, 
it  is  known  that  horse  serum  BuChE,  like  ^’atypical"  human  BuChE,  will  not 
hydrolyze  succinyl  choline  (Whittaker,  1986).  Perhaps  this  signals  a  limitation 
on  the  use  of  the  horse  serum  ChE  as  a  model  for  human  BuChE.  An  alternative 
approach  might  be  to  enhance  the  endogenous  production  of  the  body's  own  AChE  and 
BuChE  by  taking  advantage  of  characteristics  of  the  corresponding  promoters,  as 
they  become  known. 

In  light  of  our  still  incomplete  knowledge  of  the  biology  of  the  ChEs,  it  is 
already  evident  that  the  use  of  anti-ChE  agents  in  agriculture  and  medicine  can 
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have  consequences  beyond  those  imagined  when  these  agents  were  thought  to  affect 
only  synaptic  AChE.  The  presence  of  ChEs  in  such  a  great  variety  of  tissues  and 
developmental  stages  in  a  tightly  regulated  fashion  warns  us  that  indiscriminate 
interference  with  these  enzymes  is  likely  to  have  unanticipated  effects.  Now  that 
these  additional  roles  of  ChEs  are  being  elucidated,  especially  the  tissue- 
specific  occurrence  of  the  various  types  of  ChEs,  opportunities  arise  for  the 
development  of  very  selective  anti~ChE  agents  that  can  take  advantage  of  these 
properties  for  the  treatment  of  diseases  that  themselves  display  a  cell-  or 
tissue-specific  pattern  of  defects. 

4 .  Drugs  that  are  hydrolyzed  or  scavenged  by  cholinesterases 

When  a  drug  enters  the  body  through  the  blood  stream,  its  first  encounters  with  a 
ChE  are  with  AChE  of  the  erythrocyte  membrane  outcjr  surface  and  with  circulating 
BuChE.  However,  since  BuChE  is  capable  of  interacting  with  a  wider  range  of 
ligands  than  AChE,  and  in  some  cases,  at  much  higlier  rates  (Schwarz  et  al , , 

1994),  it  seems  likely  to  be  the  major  scavenger  of  anti-ChE  agents.  Support  for 
this  can  be  found  in  the  absence  of  a  correlation  between  ICso  values  of  AChE  for 
a  range  of  carbamate  anti-ChE ’s,  and  their  LD50  values,  while  a  positive 
correlation  between  these  parameters  exists  for  BuChE  (Loewenstein  et  al , , 

1993b).  Also,  there  are  individuals  who  carry  a  variant  BCHE  allele,  one  of  those 
that  code  for  cataly tically  inactive  BuChEs,  and  these  people  have  an  increased 
sensitivity  to  OP-poisoning  (Prody  et  al,,  1989). 

Succinyl  choline,  an  inhibitor  of  AChE,  is  a  commonly  used  muscle  relaxant.  BuChE 
recognizes  succinyl  choline  as  a  substrate,  and  the  slow  hydrolysis  of  the  agent 
limits  the  duration  of  its  action  in  vivo.  However,  a  common  natural  mutant  of 
BuChE,  the  "atypical”  variant,  is  unable  to  hydrolyze  succinyl  choline  (see 
section  7 ) . 

BuChE  has  been  shown  in  vitro  to  hydrolyze  the  methyl  ester  bond  of  cocaine  and 
its  derivatives  (Isenschmid  et  al.,  1989;  Gatley,  1991).  In  vivo,  in  contrast  to 
cytochrome  P-450-catalyzed  destruction  of  cocaine  (Fig.  4),  which  produces 
liepatotoxic  norcocaine  nitroxide,  BuChE-catalyzed  hydrolysis  of  cocaine  generates 
innocuous  products.  The  serum  levels' of  BuChE,  too,  as  modulated  by  ChE 
inhibitors,  correlate  with  serum  levels  of  cocaine  and  related  narcotics  (Kambain 
et  al.,  1992)  and  with  their  physiological  effects  (Kambam  et  al.,  1993).  This 
clearly  indicates  a  role  for  BuChE  that  must  be  recognized,  especially  by  those 
practicing  in  areas  or  populations  of  narcotic  usage.  Furthermore,  exogenous 
(human)  BuChE  has  been  shown  to  confer  protection  against  cocaine  toxicity  in 
rats,  both  when  given  prophylactically  or  therapeutically  (Dretchen  et  al . , 

1992).  Following  the  elucidation  of  the  pharmacological  effects  of  cocaine,  a 
series  of  analogs  was  synthesized,  yielding  some  of  the  local  anesthetics  still 
in  use  today.  As  their  chemistry  is  based  on  that  of  cocaine,  not  surprisingly 
they,  too,  are  subject  to  hydrolysis  and  inactivation  by  BuChE  ( Baldessarini ,  1990). 

An  aryl  acylamidase  activity  of  BuChE,  which  is  strongly  inhibited  by  classical 
cholinesterase  inhibitors,  has  been  reported.  This  may  have  implications  for  the 
hydrolysis  of  analgesics  such  as  paracetamol  (Fig.  4)  (Balasubramanian  and 
Bhanumathy ,  1993). 

5.  Neurodegenerative  diseases  related  to  cholinergic  malfunction 
Defective  cholinergic  signaling  has  been  found  in  a  number  of  neurodegenerative 
disorders  in  which  pathological  changes  in  the  levels  of  AChE  and  BuChE  as  well 
as  ChAT  and  AChR  are  observed  (Rakonczay  and  Brimijoin,  1988).  As  these  symptoms 
are  organ-specific,  rather  than  global,  they  may  indicate  a  failure  of  normal 
tissue-specific  post-transcriptional  (alternative  splicing)  or  post-translational 
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mocJif ications.  Following  is  a  brief  summary  of  those  neurological  diseases. 

Alzheimer’s  Disease  (AD)  is  the  most  common  type  of  adult-onset  dementia.  It  is 
associated  with  a  progressive  and  irreversible  loss  of  memory  and  cognitive 
functions  proceeding  for  years.  The  general  malfundtion  of  the  cholinergic 
regions  of  the  brain  invariably  leads  to  death.  Definitive  diagnosis  is  made  by 
post-mortem  demonstration  of  the  histopathological  hallmarks  of  the  disease  — 
neuritic  plagues  (abnormal  axonal  terminals  associated  with  loss  of  ACh  secretoj.y 
granules  and  increased  amyloid  deposits)  and  neurofibrillary  tangles  (formed  from 
thickening  of  intracellular  neurofibrils).  There  seems  to  be  a  correlation 
between  the  impairment  of  cognitive  function  with  an  increase  in  the  number  of 
neuritic  plaques  and  neurofibrillary  tangles  in  the  hippocampus,  amygdala  and 
cerebral  cortex  (Coyle  et  al . ,  1903;  Mullan  and  Crawford,  1993),  Moveover,  the 
severity  of  the  disease  parallels  the  reduction  in  levels  of  AChE  and  ChAT  in  the 
frontal  and  temporal  cortices  (Perry  et  al . ,  1978).  A  diminished  number  of 
cholinergic  neurons  in  basal  forebrain  nuclei  and  decreased  ACh  production  in  tlie 
brain  of  AD  patients,  are  thought  to  cause  some  of  the  characteristic  cognitive 
impairments.  However,  whether  the  damage  caused  to  cholinergic  innervation  is  a 
cause  or  a  result  of  the  pathological  changes,  is  not  yet  clear.  In  the  affected 
brain  regions,  the  decrease  of  AChE  is  most  pronounced  in  the  G4  form  (Atack  et 
al.,  1983).  This  loss  is  accompanied  by  an  increase  in  BuChE  (Atack  et  a J . ,  1986) 
and  is  correlated  with  selective  degeneration  of  the  presynaptic  structures  (De 
Kosky  and  Scheff,  1990).  The  monomeric  globular  form  (G1 )  of  AChE  is  assumed  to 
be  associated  with  the  postsynaptic  structures  (Fishman,  1986)  and  shows  no 
changes  in  AD,  consistent  with  the  absence  of  postsynaptic  pathology.  Wright  et 
aJ.  (1993)  report  that  the  AChE  associated  with  neurofibrillary  tangles  and 
amyloid  plaques  of  AD,  is  differently  affected  by  a  variety  of  inhibitors  than  is 
the  enzyme  of  normal  axons  and  cell  bodies.  Furthermore,  several  protease 
inhibitors  decrease  the  cytological  staining  of  AChE  in  tissues  from  AD  subjects 
(Wright  et  ai . ,  1993),  raising  the  possibility  that  extracellular  proteolysis 
affects  AChE  activity,  specifically  or  generally,  normally  or  pathologically. 

Three  broad  strategies  have  been  considered  in  dementia  therapy:  (1)  replacement 
of  lost  neurotransmitter,  (2)  trophic  support  to  slow  the  degeneration  of  the 
nervous  system,  and  (3)  intervention,  for  example  prevention  of  the  local 
inflammatory  response  thought  to  be  caused  by  complement  activation  in  the 
amyloid  plaques  (Davis  et  al , ,  1993).  It  has  been  suggested  that  anti-cholinergic 
drugs  impair  the  memory  of  healthy  individuals  in  a  manner  parallel  to  that 
observed  early  in  the  development  of  AD.  Therefore,  the  principal  current  AD 
therapeutic  approach,  and  the  most  promising  one  in  the  short  term,  is  the 
stimulation  of  the  cholinergic  system.  Precursor  loading,  with  choline  or 
phosphatidyl  choline,  is  ineffective.  However,  the  anti-ChE  agent,  physostigmine, 
has  been  shown  to  have  a  small,  short-term  positive  effect  on  cognitive  functions 
(Davis  et  al . ,  1993  and  papers  therein  cited).  More  recently  developed  compounds, 
like  SDZ  ENA  713  (Sandoz),  have  greater  central  selectivity  and  longer  duration 
of  action  than  physostigmine  (Enz  et  al.,  1993)  and  is  thought  to  bind 
specifically  to  the  G1  form  of  AChE,  presumed  to  be  the  form  involved  in 
postsynaptic  ACh  hydrolysis  (Marquis  and  Fishman,  1985).  Its  action  is  concluded 
to  be  on  the  CNS  because  of  its  ability  to  increase  the  frequency  of  rapid  eye 
movements  during  REM  sleep  (Enz  et  al.,  1991).  Nevertheless,  higher  doses  of  the 
drug  caused  a  transient  drop  in  serum  BuChE  activity,  indicating  that  it  inhibits 
BuChE  as  well  as  AChE.  When  and  if  it  is  tested  on  larger  groups,  it  may  be  found 
that  individuals  with  variant  BuChEs,  especially  homozygotes,  are  more  sensitive 
to  the  drug  than  those  with  the  common  BuChE. 

The  first  anti-ChE  drug  to  be  approved  for  use  in  AD  therapy  in  the  USA  is 
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CogiiGx^  (Parke-Davis,  1 , 2 , 3 , 4-tetrahydro-9  aminoacridine,  THA,  tacrine). 

Recently,  there  has  been  a  report  of  a  multi-center,  double-blind,  placebo- 
controlled  trial  of  THA  therapy,  which  included  663  patients  suffering  from  mild 
to  moderate  AD.  It  was  shown  that  THA  produced  statistically  significant,  dose- 
related  improvements.  However,  after  30  weeks,  significant  data  were  available 
from  only  263  patients.  The  primary  reason  for  withdrawal  of  patients  from  the 
study  was  asymptomatic  hepatotoxicity ,  as  revealed  by  elevated  serum  levels  of 
alanine  aminotransferase.  The  susceptibility  to  THA  was  highly  variable,  the 
level  of  the  aminotransferase  usually  being  less  than  three  times  the  upper  limit 
of  normal  value,  but  in  2%  of  the  cases  it  reached  20  times  the  upper  limit  of 
normal,  prinia  facia  evidence  of  hepatocellular  necrosis.  The  adverse  effects  were 
rapidly  reversed  when  treatment  was  terminated,  and  the  majority  of  patients  were 
able  to  return  to  the  study  with  lower  dosages  of  THA  (Knapp  et  al ,  f  1994; 

Watkins  et  al.,  1994).  The  practical  benefits  of  THA  therapy  have,  however,  been 
questioned.  It  is  argued  that  the  improvement  of  cognitive  function  in  AD 
patients  receiving  THA  was  superficial;  the  underlying  deterioration  continued 
unabated,  as  became  evident  when  THA  therapy  was  discontinued.  Moreover,  severe 
cholinergic  side-effects  were  observed  in  a  significant  number  (over  10%)  of  THA 
treated  patients.  Finally,  only  patients  suffering  from  mild  to  moderate  AD 
respond  to  THA  treatment,  while  more  severe  cases  do  not  benefit  from  this 
therapy  (Winker,  1994).  A  smaller  study  (Minthon  et  al.,  1993)  has  made  similar 
findings.  In  view  of  the  evidence  of  the  involvement  of  ChEs  in  cellular 
development,  and  reports  of  the  effect  of  anti-ChE  agents  and  of  altered 
expression  of  ChEs  on  hematopoietic  cell  differentiation,  it  is  remarkable  that 
the  clinical  trials  of  these  agents  did  not  investigate  effects  on  the 
hematopoietic  systems  of  participating  subjects. 

Other  anti-ChE  agents  are  in  testing  or  are  advancing  toward  it  (Davis  et  al., 
1993),  and  research  is  intense  to  develop  more  specific  anti-ChE  agents.  The 
1 -hydroxy  metabolite  of  THA  has  entered  multi-centered  clinical  trials  in  AD.  In 
a  study  of  a  series  of  chloro-substituted  THA  analogs  the  6-chloro  substituted 
THA-derivative  was  found  to  have  an  IC^o  of  1.8  nM,  one  of  the  most  potent 
reversible  anti-AChE  agents  known  (Gregor  et  al.,  1992). 

Parkinson's  Disease  (PD)  is  a  common  type  of  adult-onset  chronic  degenerative 
disorder  of  the  CNS .  Since  PD  is  associated  mainly  with  the  dopaminergic,  and  not 
with  the  cholinergic  system,  few  characterizations  of  AChE  in  PD  have  been 
performed.  However,  AChE  activity  has  been  observed  in  dopaminergic  brain  areas 
and  decreased  AChE  activity  and  molecular  form  changes  that  parallel  those  found 
in  AD  have  been  observed  in  up  to  30%  of  PD,  Therefore,  cholinergic  signaling  may 
be  connected  with  neurodegenerative  processes  in  general,  or  more  specifically 
with  the  pathophysiology  of  PD  (Ruberg  et  al.,  1986).  PD  patients  are  usually 
treated  with  tricyclic  anti-depressants.  The  anti-cholinergic  side  effect  of 
these  drugs  may  be  the  basis  of  some  of  the  benefit  shown  by  this  treatment  of  PD 
patients.  Similarly,  there  is  evidence  of  worsening  of  the  symptoms  in  a  PD- 
patient  receiving  the  anti-ChE,  THA  (Ott  and  Lannon,  1992). 

Huntington's  Disease  (HD)  is  a  dominant  inherited  autosomal  neurodegenerative 
disorder  with  symptoms  usually  evident  at  the  age  of  30  to  40,  and  is  associated 
with  genetically  programmed  cell  death  in  the  CNS.  The  disease,  progressing  over 
a  10-20  year  period,  eventually  destroying  all  motor  function.  In  most  HD  cases, 
progressive  dementia  is  a  feature  when  cholinergic  neurons  of  the  brain  stem  are 
affected.  AChE  activity  is  diminished  only  in  selective  bundles  of  the  affected 
area,  known  for  their  rich  AChE  activity  and  ChAT  activity  is  decreased  in  these 


same  areas . 
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Amyotrophic  lateral  sclerosis  (ALS),  or  motor  neuron  disease,  is  characterized  by 
motor  neuron  degeneration  and  progressive  failure  of  neuromuscular  transmission. 
Doth  upper  and  lower  motor  neurons  are  affected.  In  neuromuscular  endplates 
(NMEs)  significant  decreases  of  all  forms  of  AChE  is  observed.  The  defect  is 
thought  to  be  related  to  disassembly  of  the  synapses  and  NMEs  due  to  an 
excitotoxin,  a  failure  of  a  trophic  factor,  or  a  failure  to  detoxify  a 
xenobiotic,  the  consequent  decrease  in  nerve  signaling,  causing  a  defect  in  AChE 
excretion  ( Goonetilleke  et  al,,  1994).  The  connection  between  the  recent  finding 
that  a  mutant  human  superoxide  dismutase  introduced  into  test  animals  can  cause 
the  symptoms  of  ALS  (Gurney,  et  ai . ,  1994),  and  the  observed  neural  defects  has 
yet  to  be  found. 

Myasthenia  gravis 

Myostigmine,  a  synthetic  physostigmine  derivative,  is  commonly  used  to  treat 
patients  with  myasthenia  gravis,  a  neuromuscular  disease  of  an  autoimmune  nature, 
characterized  by  muscle  weakness  due  to  autoimmune  anti-nAChR  antibodies. 
Edrophonium  induces  an  immediate,  but  brief,  relief  of  the  characteristic 
symptoms,  due  to  reversible  binding  to  the  active  site,  terminated  by  rapid 
excretion  of  the  drug  by  the  kidneys. 

There  has  been  noted  a  considerable  individual  variation  in  the  dosages  of  anti- 
ChE  agents  required  to  control  the  disorder.  This  may  be  due  to  individual  levels 
of  the  autoantibodies,  or  may  be  due  to  genetic  differences  in  the  BuChEs  (see 
section  7). 

Hematological  diseases 

There  is  ample  evidence  for  perturbations  in  cholinergic  functions  being 
associated  with  hematological  disorders.  The  increased  risk  of  leukemia  following 
exposure  to  OP  agents  has  been  mentioned.  Down’s  syndrome,  like  familial 
Alzheimer’s  disease,  linked  to  chromosome  21,  (Percy  et  al . ,  1993),  is  associated 
with  AChE  deficiencies,  and  affected  individuals  have  a  high  incidence  of 
leukemia.  Paroxysmal  nocturnal  hemoglobinuria,  als>o  associated  with  an  elevated 
risk  of  leukemia,  is  characterized  by  a  failure  of  the  post-translational 
glycosylation  of  AChE.  This  prevents -transport  to  and  interaction  of  the  enzyme 
with  the  erythrocyte  membrane  (Turner,  1994).  Several  other  hematological 
disorders  associated  with  the  cholinergic  system  were  described  by  Soreq  and 
Zakut  (1993).  Recently,  antisense  inhibition  of  ACHE  gene  expression,  using 
phosphorothioated  oligodeoxynucleotides ,  has  been  shown  to  induce  massive 
proliferation  of  meloid  cells  in  bone  marrow  cultures,  an  ex  vivo  mimic  of  a 
leukemic  syndrome  (Soreq  et  al.,  1994).  This  is  a  warning  that  supreme  caution 
must  be  used  in  the  development  and  use  of  anti-CliE  drugs  or  insecticides. 

6 .  Non-CNS  excitatory  roles 

Cytochemical  staining  has  been  used  extensively  to  search  for  specific  ChE 
activities  in  different  tissues  during  development.  AChE  expression  has  been 
visualized  by  immunocy tochemical  or  activity-dependent  histological  methods,  and, 
more  recently  by  in  situ  hybridization.  This  revealed  AChE  association  with 
numerous  regions  of  the  brain  corresponding  with  the  spatial  distribution  of 
different  components  of  both  cholinergic  and  non-cholinergic  brain  regions 
(Landwehrmeyer  et  al.,  1994).  Transient  AChE  staining  was  also  shown  in  the 
medosomal  nucleus  of  the  thalamus  and  its  connection  in  the  developing  rodent, 
human  and  monkey  brains  (Kostovic  and  Goldman-Rakic,  1983;  Kristt,  1983; 
Robertson,  1993).  Other,  distinct  neurons  in  these  same  areas  were  positively 
stained  for  BuCHE,  but  not  AChE  or  ChAT  activities  (Graybiel  and  Ragsdale,  1982). 
Thus,  several  lines  of  evidence  suggest  a  non-cholinergic  role  of  ChEs,  possibly 
related  to  morphogenesis. 
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In  tliG  peripheral  nervous  system  cholinergic  signalling  has  been  implicated  in 
pancreatic  function,  as  shown  by  the  decreased  AChE  activity  in  the 
intrapancreatic  ganglia  of  rat  subject  to  celiac  and  superior  mesenteric 
ganglionectomy  (Anglade,  1987),  In  fact,  it  was  the  investigation  of  the  turnover 
of  pancreatic  phospholipids  accompanying  cholinergic  stimulation  of  amylase 
secretion  (Plokin  and  Hokin,  1953),  which  led  eventually  to  the  discovery  of  the 
pliosphatidylinositol-derived  second  messengers  of  neurotransmitter/hormone 
action . 

ChEs  can  be  found  in  a  wide  range  of  tissues  and  cell  types  of  clinical 
significance  other  than  muscle  fibre  and  neurons,  Among  them  erythrocytes 
(Silver,  1974),  ery throleukemia  cell  lines  (Ajmar,  1983;  Bianchi  Searra  et  ai., 
1986;  Karpel  et  al .  1994a),  the  adrenal  medulla  (Massoulie  and  Bon,  1982), 
ovarian  follicles  (Karnovsky  and  Roots,  1964),  megakaryocytes  (Burstein  efc  ai . , 
1980;  Patinkin  et  al . ,  1990,  1994)  and  chorionic  villi  (Zakut  et  ai . ,  1991),  In 
addition,  ChE  activity  has  further  been  reported  Jn  a  number  of  embryonic  tissues 
derived  from  ectoderm,  mesoderm  and  endoderm,  as  well  as  in  various  neoplastic 
tissues  such  as  ovarian  carcinomas  (Drews,  1975;  Zakut  et  al,  1990)  and  brain 
tumors  (Ord  and  Thompson,  1952;  Razon  et  al . ,  1984).  Interestingly,  human  oocytes 
were  shown  to  express  BuChE  mRNA  in  a  developmentally  regulated  fashion  (Soreq  et 
al.,  1987),  although  the  enzyme  activity  that  was  evident  in  ovary  homogenates 
was'almost  entirely  AChE  (Malinger  et  al.,  1989).  Cholinergic  signaling  has  also 
been  implicated  in  chorionic  villi,  which  express  the  BCHE  gene  (Zakut  et  ai , , 
1991)  and  in  sperm  motility,  as  suggested  by  the  presence  of  ACh,  AChE  and  ChAT 
(Bishop  et  al.,  1975,  1976)  as  well  as  BuChE  in  the  mammalian  sperm.  Transgenic 
mice  carrying  the  human  BCHE  gene  displayed  testicular  amplification  of  this 
transgene  and  reduced  fertility  (Beeri  et  al . ,  1994).  Further,  1  |1M  of  the  ChAT 
inhibitor,  2-benzoyl  methyl  trimethyl  ammonium,  depressed  sperm  motility  by  95% 
(Rama  Sastry  et  al. ,  1981 ) ,  while  ACh  may  either  augment  or  impede  sperm  mobility 
in  correlation  with  other  characteristics  of  individual  spermatozoa  (Sanyal  and 
Khanna,  1971;  Beeri  et  al . ,  1994). 

Reports  of  peptidase  activity  accompanying  purified  AChE  or  BuChE  have,  in  most 
(^3303  i300n  shown  to  be  due  to  co-purification  with  other  proteins.  However, 

Ba lasubramanian  and  Bhanumathy  (1993)  report  evidence  of  an  intrinsic  peptidase 
activity.  This  activity  co-precipitates  with  an  monoclonal  antibody  directed 
against  BuChE.  They  point  out  that  the  tetrapeptide  sequence,  HXXE,  separated  by 
over  100  residues  from  another  histidine  residue,  associated  with  Zn 
metallopeptidases,  appears  in  human  ChEs  as  HGYE(X)io'7H  (BuChE  residues  438-548 
and  AChE  residues  440-550). 

The  effect  of  AChE,  or  the  lack  of  the  protein,  in  the  hematopoietic  system  is 
difficult  to  reconcile  with  our  understanding  of  AChE  as  the  terminator  of  ACh 
action,  as  is  the  presence  of  AChE  in  the  erythrocyte  membrane.  The  sequence 
homology  of  AChE  with  the  Drosophila  adhesion  proLeins,  glutactin  and  neurotactin 
had  also  been  noted  (De  La  Escalera  et  al . ,  1990;  Cygler  et  al.,  1993).  This 
liomology  had  been  attributed  to  the  evolutionary  diversion  of  a  protein  featurijig 
the  <c/p-hydrolase  into  contemporary  serine  <(/p~hydrolases  and  other  proteins 
wibhout  catalytic  function,  such  as  neurotactin  and  thyroglobulin  (Taylor  and 
Radic,  1994).  A  recent  report  (Layer  et  al.,  1993)  on  the  G4  form  of  AChE  in 
chick  embryo  tectal  cell  cultures,  however,  finds  a  direct  quantitative 
relationship  between  inhibition  of  neurite  growth  and  amount  of  an  added  anti-G4 
antibody.  This  effect  on  neurite  growth  was  not  affected  by  at  least  one  anti-CliE 
agent,  echothiophate .  Parallel  morphological  studies  on  retinal  explants 
indicated  that  BW  284C51 ,  which  inhibits  both  AChE  catalysis  and  neurite  growth, 
visibly  disrupted  cell  adhesion  (Layer  et  al . ,  1993).  We  note,  also,  that  like 
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AChE,  notably  the  erythrocyte  membrane  form,  other  GPI-anchored  proteins  have 
been  proposed  to  have  roles  in  cell-cell-signalling  (Turner,  1994).  Also,  there 
has  been  a  recent  report  of  glioma  cells  in  culture  that  when  raicroinDected  or 
transfected  with  DNA  constructs  expressing  human  AChE,  showed  dramatic 
morphological  changes  and  rapid  process  extension  (Karpel  et  al.,  1994b).  These 
reports  not  only  open  a  new  arena  of  ChE  studies,  but  breach  the  barrier  to 
consideration  of  other  non-enzymatic  roles  of  ChEs,  for  instance  in 
hematopoiesis,  and  may  in  time  lead  us  to  an  understanding  of  the  roles  of 
several  alternatively-spliced  forms  of  AChE. 


A  recent  study  supports  the  idea  of  a  developmental  role  for  AChE.  The  destiny  of 
hematopoietic  stem  cells  was  altered  by  the  addition  of  antisense 
phosphorothioate  oligonucleotides  in  a  manner  that  indicated  that  AChE  normally 
diverts  stem  cells  to  apoptosis  (Soreq  et  al.,  1994).  The  blockage  of  this 
effect,  by  OP  agents,  for  instance,  may  be  the  basis  of  the  uncontrolled 
proliferation  of  the  stem  cells  seen  in  leukemia  (Brown  et  al . ,  1990).  A 
developmental  role  has  also  been  suggested  for  BuChE  and  AChE  in  ex  vivo 
developing  chick  motor  axons  based  on  the  use  of  selective  inhibitors  (Layer, 
1991;  Layer  et  al.,  1988a,b,  1993).  Thus,  there  is  accumulating  evidence  for  a 
developmental  role  (or  roles)  for  ChEs  which  is  not  obviously  related  to  their 
catalytic  activity.  Further  experiments  will  be  needed  to  determine  whether  this 
function  is  related  to  the  presumed  cell  adhesion  properties  of  these  enzymes. 


7 .  Human  cholinesterase  variants  predict  a  genetic  predisposition  to 
differential  responses  to  cholinergic  drugs 
Over  se^al  decades,  large-scale  population  surveys  of  BuChE  phenotypes  were 
carried  out.  Tens  of  thousands  of  individuals  have  been  screened  from  different 
continents  and  ethnic  origins  (Whittaker,  1986).  Since  the  BCHE  gene  was  cloned 
in  1986,  more  than  twenty  different  naturally  occurring  mutations  have  been 
documented  (Table  1),  with  the  great  majority  of  the  variant  phenotype 
individuals  carrying  the  D70G  substitution.  These  mutated  proteins  result  in  a 
variety  of  phenotypes,  including  the  complete  absence  of  any  BuChE  protein  due  to 
premature  termination  of  protein  synthesis  (the  "silent"  mutations  of  Table  1). 

In  at  least  one  area  of  the  brain,  BuChE  has  been  demonstrated  in  cells  other 
than  those  that  have  AChE,  suggesting  a  unique  function  (Graybiel  et  al,,  1981, 
1982).  It  would  be  interesting  to  know  if  the  distribution  of  AChE  among  brain 
cells  is  different  in  individuals  with  silent  BuChE.  The  mere  existence  of  a 
"silent"  phenotype,  where  individuals  do  well  in  spite  of  having  no  BuChE 
activity,  has  been  used  to  argue  that  BuChE  has  no  important  function.  However, 
natural  selection  operates  on  the  level  of  species,  not  individuals;  what  may  be 
tolerated  in  an  isolated  individual  may,  over  time  and  numbers,  be 
disadvantageous  to  a  community.  Also,  "knock-out"  experiments  have  sometimes 
found  no  phenotypes  for  damaged  genes;  it  would  be  reckless  to  conclude 
therefore,  that  all  such  genes  have  no  important  biological  role.  With  the 
exception  of  two  polymorphisms  at  the  5'  and  3*  non-translated  sequence,  no 
mutation  in  BCHE  cDNA  has  yet  been  found  that  causes  no  alteration  in^ the  protein 
sequence.  Together,  the  cataly tically  silent  mutations  comprise  0.001%  of 
homozygotes,  which  is  far  less  than  the  catalytically  active  variants  (Whittaker, 
1986).  Even  in  the  absence  of  a  well-understood  physiological  role  for  BuChE, 
this  in  itself  suggests  a  selection  advantage  for  carriers  of  various  genes 
coding  for  active  proteins,  as  compared  with  'silent  gene  carriers. 


Interestingly,  the  largest  and  main  coding  exon,  E2,  has  15  of  the  known^ 
mutations  found  on  the  BCHE  gene.  Thus,  the  average  incidence  of  mutability  in 
the  coding  domain  (approximately  1:100  nucleotides)  is  exceedingly  high.  The 
different  BCHE  variants  were  in  most  cases  identified  by  the  analysis  of 
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GGquencGS  originating  from  individuals  expressing  a  variant  phenotype  and  not  by 
a  random  screening  of  the  population.  Several  of  the  variants  (e.g.  D70G)  were 
simultaneously  discovered  in  two  continents,  while  many  others  were  detected  only 
once,  an  ’’orphan”  allele. 

One  major  physiological  role  of  BuChE  is  thought  to  be  as  a  scavenger  of  anti-ChE 
agents,  thus  protecting  from  inactivation  the  AChE  of  neuromuscular  junctions  and 
other  cholinergic  sites  (Neville  et  al , ,  1990a,b).  This  is  deduced  from  the  fact 
that  BuChE  interacts  with  a  wider  range  of  anti-ChE  agents  (Soreq  et  al,,  1992) 
and  in  certain  cases  (e.g.  DFP  and  many  carbamates)  the  rate  of  inactivation  is 
considerably  faster  than  that  of  AChE  (Loewenstein  et  al , ,  1994;  Schwarz  et  al., 
1994).  Accordingly,  there  must  be  an  evolutionary  pressure  that  accounts  for  the 
need  for  a  scavenger  of  anti-ChE  agents.  There  are  many  natural  ChE  inhibitors  in 
the  environment,  including  glycoalkaloids  present  in  solanaceous  plants  (Gnatt  et 
al.,  1994),  fungal  antibiotics  like  puromycin  (Hersh,  1981)  and  its  analogs, 
cocaine  derivatives  (Gatley,  1991),  poisons  from  several  species,  like  oysters 
(Abramson  et  al . ,  1989),  OPs  from  cyanobacteria  (Carmichael,  1994),  and 
polypeptides  from  snakes  (fasciculin,  Karlsson  et  aJ . ,  1985)  that  are  offensive 

or  defensive  weapon  systems,  metals  (aluminum,  scandium  and  yttrium.  Marquis  and 
Lerrick,  1982),  and  the  carbamate  of  calabar  beans,  physostigmine  (Taylor,  1990). 
Some  of  the  above  these  ChE  inhibitors  are  extremcjly  poisonous.  Several  snake 
venoms  contain  peptides  of  51-59  amino  acid  residues  (e.g.  fasciculin)  that  bind 
to  AChE  with  Kd  values  as  low  as  10"'°  M  (Cervenansky  et  al.,  1990;  Marchot  et 
al.,  1993).  However,  it  is  perhaps  significant  that  it  is  only  the  glycoalkaloids 
of  the  solanaceous  food  plants  (tomato,  potato,  eggplant)  that  are  inhibitors  of 
both  AChE  and  BuChE,  Also,  the  uneven  natural  geographic  distribution  of  these 
food  plants  must  be  seen  alongside  the  large  series  of  naturally  occurring  BuChE 
variants,  also  unevenly  distributed  among  different  populations  —  the  "atypical" 
BuChE  mutation,  D70G  (heterozygote  frequency  <5%  among  Europeans  and  Americans 
and  up  to  11%  of  other  groups;  Whittaker,  1986;  Ehrlich  et  al.,  1994)  --  with 
variable  affinities  for  them.  Of  all  the  classes  of  natural  inhibitors  of  the 
CliEs,  it  seems  that  only  for  the  glycoalkaloids  may  BuChE  be  imagined  to  have 
adapted  as  a  scavenger. 

The  "atypical"  mutation  also  confers  resistance  to  inhibitors  of  pharmacological 
interest.  It  is  clinically  characterized  by  the  inability  of  the  affected  enzyme 
to  hydrolyze  succinyl  choline  and  dibucaine,  and.  Compared  to  the  wild-type 
BuChE,  displays  a  specific  activity  of  25%  of  the  wild-type  enzyme,  and  at  least 
10-fold  higher  ICso  and  values  for  bambuterol,  physostigmine  and 
echothiophate.  The  affinity  toward  ACh  is  drastically  reduced,  although  the 
for  BTCh  is  unchanged  (Neville  et  al.,  1990a, b).  If  the  mutant  BuChE  cannot 
scavenge  anti-ChEs  and  reduce  their  serum  levels,  it  will  not  protect  synaptic 
AChE  from  their  effects.  The  genetic  variability  of  BuChE  may  well  be  the  basis 
of  the  observed  variability  in  the  extent  and  intensity  of  responses  to  anti-ChE 
drugs.  In  fact,  BuChE  is  reported  to  hydrolyze  heroin  (Fig.  4),  which  has  a  4- 
fold  higher  for  the  "atypical"  variant  than  for  the  usual  enzyme  (Lockridge  et 
al.,  1980).  Clearly  this  has  the  potential  for  explaining  variations  in  responses 
to  this  narcotic.  As  noted  above,  BuChE  hydrolyzes  the  methyl  ester  bond  of 
cocaine  and  its  derivatives.  The  local  anesthetic,  procaine  is  hydrolyzed  by 
BuChE,  but  it  has  a  15-fold  higher  with  the  atypical  variant  than  with  the 
usual  enzyme.  Carriers  of  the  atypical  allele  may  not  react  substantially 
differently  from  carriers  of  the  usual  enzyme  when  receiving  procaine  i.m.  as  it 
would  be  exposed  only  minimally  to  BuChE.  However,  aspirin  has  a  nearly  4-fold 
higher  with  "atypical"  BuChE  (Valentino  et  al . ,  1981).  It  acts  after  entering 
the  blood  stream  where  it  is  exposed  to  BuChE.  This  illustrates  a  potential  for 
significant  variations  in  response  to  pharmacological  agents,  arising  from 
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natural  variations  in  this  drug-processing  enzyme.  Just  how  variant  BuChEs  may 
function  in  detoxifying  cocaine  and  its  derivatives  is  an  important  issue  that 
simpjy  has  not  yet  been  addressed.  Furthermore,  it  was  found  that  the  oxime, 

PAM,  reactivates  DFP-inactivated  D70G  BuChE  at  a  5-fold  lower  rate  than  does  wild 
type  DuChE.  Variants  having  this  mutation  in  tandem  with  one  or  two  additional 
natural  mutations  (Y114H  and  S425P)  display  a  rate  of  reactivation  as  much  as  40- 
fold  lower.  Thus,  the  well  established  therapy  of  OP-intoxicated  patients  wit 
2-PAM  intended  to  regenerate  active  ChE,  may  well  be  less  efficient  in  the  case 
of  carriers  of  variant  BuChE  (Schwarz  et  al . ,  1994).  Indeed,  it  has  been  reported 

that  the  response  of  OP-poisoned  patients  to  2-PAM  therapy  varies  widely  (Willems 

et  al.,  1993). 

The  most  frequent  variant,  "atypical"  BuChE,  was  compared  to  the  common  human 
BuChE  and  AChE  in  its  inhibition  rate  with  several  anti-ChEs  of  pharmacologica 
interest  (Loewenstein  et  al . ,  1994).  With  common  BuChE,  the  carbamates 

physostigmine,  heptyl-physostigmine  (Modulanum*^)  and  SDZ  ENA  713  had  inactivation 
rates  higher  than  or  equal  to  AChE,  but  "atypical"  BuChE  had  considerably  lower 
rates.  This  suggests  that  BuChE  usually  reacts  with  the  drugs  in  preference  to 
AChE.  However,  heterozygous,  and  especially  homozygous  individuals  carrying  the 
"atypical"  gene  may  well  show  increased  sensitivity  to  the  drugs.  ^Moreover the 
reversible  inhibitor,  THA,  had  a  300-fold  higher  Klso  value  with  "atypical  than 
with  common  BuChE.  These  findings  may  help  explain  the  variations  in  response  to 
anti -cholinesterase  therapy  that  have  been  noted. 

In  contrast  to  the  multitude  of  point  mutations  on  the  BCHE  gene,  only  one 
single-point  mutation  has  been  observed  in  the  ACHE  gene.  Its  identity  was 
discovered  in  several  steps.  The  human  ACHE  gene  was  first  demonstrated  to 
present  two  co-dominant  alleles  at  a  single  genetic  locus  (Coates  and  Simpson, 
1972).  Two  decades  later,  replacement  of  His322  with  asparagine  (Lockridge  et 
al  1992)  was  reported  to  be  a  common  polymorphism.  The  substituted  amino-acid 
residue  is  positioned  at  the  surface  of  the  AChE  protein,  apparently  modifying 
one  or  more  immunogenic  epitopes  in  erythrocyte  membrane  AChE.  Thus,  this  allele 
was  identified  as  causative  of  the  uncommon  blood  (Bartels  et  aJ . ,  1993) 

group,  for  which  an  incidence  of  5%  has  been  determined  in  the  Caucasian 
population  (Lewis  et  al.,  1987),  and  a  considerably  higher  incidence  in  Israel 
(Levene  et  al . ,  1987),  recently  confirmed  by  molecular  genetic  means  (Ehrlich  et 

al.,  1994). 

There  being  two  co-dominant  alleles  of  the  ACHE  gene,  creates  a  situation  where 
homozygotes  with  either  of  these  alleles  will  recognize  the  product  of  the  other 
allele  as  a  non-self  antigen,  very  much  analogous  to  the  Rh  blood  group 
phenomenon.  Therefore,  Yt’’  homozygotes  may  develop  an  immunological  response  to 
transfused  blood  from  either  hetero-  or  homozygotes  of  the  common  Yt“  phenotype. 
The  result  is  hemolysis  of  the  foreign  erythrocytes,  a  condition  that  was  well 
recognized  before  its  molecular  basis  was  discovered. 

Tlie  plethora  of  mutations  in  the  BCHE  gene  may  be  taken  as  further  support  for 
the  idea  that  the  major  role  of  BuChE  is  to  function  as  a  scavenger,  as  the 
selection  of  proteins  with  modified  properties  will  confer  better  resistance  to 
specific  cholinergic  poisons.  It  may  also  be  that  the  role  of  scavenger  can 
conflict  with  another  role  for  BuChE,  for  instance  as  a  cell  membrane  element^ 
involved  in  development.  In  that  case,  a  decreased  affinity  for  an  inhibitor  in 
the  environment  may  confer  a  selection  advantage  (Ehrlich  et  al.,  1994). 

The  very  infrequent  mutability  of  the  ACHE  gene,  and  the  complete  absence  of  any 
mutant  with  impaired  function,  had  been  taken  as  evidence  that  AChE  is  just  too 
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scn-,itive  an  enzyme  to  tolerate  any  mutation.  However,  several  developments  call 
into  question  this  interpretation.  Although  there  are  no  known  natural  mutations 
that  affect  the  catalytic  function  of  AChE,  there  are  mutations  in  the  enzymatic 
system  that  forms  the  G4  form  by  addition  of  a  non- catalytic  tail  to  the  enzyme 
(Hutchinson  et  al . ,  1993).  This  results  in  a  deficiency  of  AChE  in  motor 
endplates,  with  a  consequent  loss  of  motor  function.  It  also  raises  the  question 
of  why  there  are  no  mutations  of  AChE  that  affect  its  function:  if  defective 
processing  of  the  G4  form  is  compatible  with  life,  even  if  with  diminished  motor 
function,  are  there  no  other  possible  AChE  mutations  that  would  preserve 
catalytic  function?  In  fact,  there  are  laboratory-produced  site-directed 
mutations  that  have  almost  complete  catalytic  function.  That  similar  natural 
mutations  are  not  observed,  may  suggests  that  the  gene  is  unusually  protecte 
from  mutation,  perhaps  by  binding  proteins,  or  that  the  selection  pressures 
against  establishment  of  mutants  in  the  population  are  based  on  features  besides 
catalysis . 

in  conclusion,  the  biological  roles  of  human  ChEs  and  their  multiple  variants  are 
far  from  being  fully  understood.  Rather,  the  era  oC  genetic  engineering  has 
provided  novel  tools  with  which  to  explore  these  as  yet  unknown  functions  and 
their  implications  for  the  field  of  therapeutics,  an  exciting  endeavor. 
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Legends  to  Figures 

Fig.  1.  Cholinesterases  and  the  catalytic  process. 

A.  Catalytic  hydrolysis  by  ChEs  the  analogous  phosphorylation  and  reactivation 
processes.  Hydrolysis  of  an  acyl-choline  substrate  (ChO~OCR)  by  a  ChE  (EnzOH) 
proceeds  by  two  steps  and  involves  the  production  of  an  acyl-enzyme  intermediate 
(EnzO-OCR).  An  organophosphorus  compound,  XP0(0R')2r  interacts  with  these  enzymes 
in  a  parallel  fashion,  and  may  be  displaced  from  the  active  site  serine  (S200)  by 
strong  nucleophiles  (e.g.  an  oximes,  represented  as  B:),  releasing  a  reactivated 
enzyme . 

B.  Protein  structure  and  the  main  active  site  domains.  A  ribbon  model  of  Torpedo 
AChE  is  presented  (after  Sussman  et  al . ,  1991).  Space  filling  representations  of 
serine  200  (S200)  at  the  active  (catalytic)  site  (AS),  aspartate  70  (D70)  at  the 
entrance  to  the  active  site  gorge  (ASG),  and  tryptophan  279  {W279),  part  of  the 
peripheral  anionic  site  (PAS)  are  noted. 

Fig.  2.  Amino  acid  residues  substituted  in  CHEs  from  various  species. 

Schematic  view  of  site-directed  mutations  introduced  into 

ChEs  from  different  species  (human,  Torpedo,  Drosophila,  and  mouse),  is  shown  in 
a  linear  scale  marked  by  symbols  specific  to  each  enzyme  and  species.  Important 
residues  are  noted  by  numbers  and  their  association  with  the  catalytic  triad, 
hydrophobic  subsite,  peripheral  anionic  site  (PAS),  choline  binding  site  (CBS) 
and  acyl  binding  site  (ABS)  is  outlined.  Note  that  the  Drosophila  N174S  and  N331D 
mutations  have  no  counterpart  in  the  vertebrate  enzymes,  and  therefore  do  not 
appear  in  the  figure. 


Fig.  3.  The  human  CHE  genes  and  their  mRNA  transcripts  and  protein  products. 
Schematic  drawings  of  the  two  human  genes  encoding  ChEs  is  presented.  Exons  (E) 
are  shaded,  introns  (I)  are  white,  the  ACHE  promoter  is  cross-hatched,  and  the 
alternative  AChE  exon,  E5,  is  black.  Open  reading  frames  are  marked  by  dashed 
underlining,  alternative  splicing  options  by  triangles  over  the  excised 
sequences,  and  constant  splicing  sites,  by  solid  triangles  over  the  excised 
sequences. 

Fig,  4.  Drugs  that  are  substrates  or  effectors  of  cholinesterases. 

Fig.  5.  Organophosphorus  cholinesterase  inhibitors. 

The  general  formula  indicates  by  X  the  substituent  on  the  central  phosphorus  atom 
that  is  displaced  by  the  ChE's  active  site  serine  hydroxyl  group  (Fig.  1A) .  The 
examples  include  an  insecticide,  parathion,  a  nerve  gas,  soman,  a  pharmacological 
agent,  echothiophate,  and  a  cyanobacterial  product,  anatoxin-A ( S ) . 
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Catalysis 
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Phosphorylation  and  reactivation 


XP0(0R')2  +  EnzOH  — ►-  EnzOPO(OR')2  +  HX 

EnzOPO(OR')2+  B:  — B-PO(OR’)2  +  EnzOH 


rig.' 2.  Silc-diieclccl  amino-acid  residue  subslilutions  in  CliEs  from  various  species. 
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Abstract:  Formation  of  a  functional  neuromuscular  junc¬ 
tion  (NMJ)  involves  the  biosynthesis  and  transport  of  nu¬ 
merous  muscle-specific  proteins,  among  them  the  acetyl¬ 
choline-hydrolyzing  enzyme  acetylcholinesterase  (AChE). 
To  study  the  mechanisms  underlying  this  process,  we 
have  expressed  DNA  encoding  human  AChE  downstream 
of  the  cytomegalovirus  promoter  In  oocytes  and  develop¬ 
ing  embryos  of  Xenopus  laevis.  Recombinant  human 
AChE  (rHAChE)  produced  in  Xenopus  was  biochemically 
and  immunochemically  indistinguishable  from  native  hu¬ 
man  AChE  but  clearly  distinguished  from  the  endogenous 
frog  enzyme.  In  microinjected  embryos,  high  levels  of  cata- 
lytically  active  rHAChE  induced  a  transient  state  of  over¬ 
expression  that  persisted  for  at  least  4  days  postfertiliza¬ 
tion.  rHAChE  appeared  exclusively  as  nonassembled 
monomers  in  embryos  at  times  when  endogenous  Xeno¬ 
pus  AChE  displayed  complex  oligomeric  assembly.  None¬ 
theless,  cell-associated  rHAChE  accumulated  in  myo- 
tomes  of  2-  and  3-day-old  embryos  within  the  same  sub- 
cellular  compartments  as  native  Xenopus  AChE.  NMJs 
from  3-day-old  DNA-injected  embryos  displayed  fourfold 
or  greater  overexpression  of  AChE,  a  30%  increase  In 
postsynaptic  membrane  length,  and  increased  folding  of 
the  postsynaptic  membrane.  These  findings  indicate  that 
an  evolutionarily  conserved  property  directs  the  intracellu¬ 
lar  trafficking  and  synaptic  targeting  of  AChE  In  muscle 
and  support  a  role  for  AChE  in  vertebrate  synaptogenesis. 
Key  Words:  Neuromuscular  junction — Xenopus  laevis 
embryos — Human  acetylcholinesterase — Muscle. 

J.  Neurochem.  62,  1670-1681  (1994). 


Formation  of  a  functional  neuromuscular  junction 
(NMJ)  requires  the  targeted  deposition  of  synaptic 
proteins  at  the  nerve-muscle  interface  (Flucher  and 
Daniels,  1989;  Froehner,  1991;  Ohlendieck  et  aL, 
1991).  Among  these  proteins  is  the  acetylcholine-hy¬ 
drolyzing  enzyme  acetylcholinesterase  (AChE),  re¬ 
sponsible  for  terminating  cholinergic  neurotransmis¬ 
sion  across  the  NMJ  (Hall,  1973).  It  is  not  yet  clear 


how  the  selective  accumulation  of  synapse-specific 
proteins  at  the  NMJ  is  accomplished.  One  mecha¬ 
nism  for  achieving  synaptic  localization  of  AChE  is 
probably  the  compartmentalized  transcription  and 
translation  of  AChE  mRNA  (Rotundo,  1990;  Rossi 
and  Rotundo,  1992).  Aggregation  and  anchoring  of 
AChE  at  the  postsynaptic  cell  surface  are  mediated  by 
evolutionarily  conserved  components  of  the  synaptic 
basal  lamina,  such  as  heparan  sulfate  protebglycans 
(Brandan  et  al.,  1985)  and  agrin  (McMahan,  1990). 
Similar  mechanisms  appear  to  be  involved  in  the  bio¬ 
synthesis  of  the  nicotinic  acetylcholine  receptor 
(AChR)  (Changeux,  1991;  Phillips  et  al.,  1991;  Wal¬ 
lace,  1991)  and  may  represent  a  general  solution  to 
the  problem  of  localizing  junctional  proteins  in  mus¬ 
cle  cells  (Pavlath  et  al.,  1989;  Ralston  and  Hall,  1989). 
However,  the  molecular  determinants  controlling  the 
intracellular  transport  of  AChE  and  the  elements  spec¬ 
ifying  its  synaptic  localization  in  muscle  remain  to  be 
elucidated. 

In  the  developing  Xenopus  laevis  embryo,  muscle 
differentiation,  primitive  neuromuscular  contacts, 
and  spontaneous  synaptic  activity  are  observed 
within  1  day  postfertilization  (PF)  (Kullberg  et  al., 
1977).  During  the  ensuing  24  h,  ultrastructural  spe¬ 
cializations  characterizing  synaptic  differentiation  are 
observed,  followed  by  the  acquisition  of  spontaneous 
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FIG.  1.  Xenopus  oocytes  express  catalytically  active  rHAChE.  A: 
Inhibition  by  excess  substrate.  Mature  Xenopus  oocytes  were 
injected  with  5  ng  of  in  vitro-transcribed  AChE  mRNA  (Soreq  et 
al.,  1990)  and  incubated  overnight  at  17°C.  Homogenates  corre¬ 
sponding  to  one-third  oocyte  were  assayed  for  AChE  activity  in 
the  presence  of  various  concentrations  of  acetylthiocholine 
(ASCh)  substrate  [average  of  three  experiments  ±  SEM  (bars)]. 
B:  Sensitivity  to  selective  inhibitors.  Oocyte  homogenates  were 
preincubated  for  30  min  in  assay  buffer  containing  the  AChE-spe- 
cific,  reversible  inhibitor  1 ,5-bis(4-allyldimethylammoniumphenyl)- 
pentan-3-one  dibromide  [BW284C51  (BW)]  or  the  butyrylcholin- 
esterase-speciflc  inhibitor  tetraisopropylpyrophosphoramide  (lO) 
at  the  indicated  concentrations  and  assayed  for  remaining  activity 
following  addition  of  2  mM  ASCh.  Data  are  averages  of  duplicate 
assays  from  two  independent  microinjection  experiments.  AChE 
extracted  from  human  erythrocytes  (hEr)  served  as  control.  rH, 
rHAChE.  C:  Oligomeric  assembly.  Homogenates  from  ACHE 
mRNA-injected  oocytes  were  subjected  to  sucrose  density  cen¬ 
trifugation  as  described  in  Materials  and  Methods.  Data  are  aver¬ 
ages  of  three  experiments.  Note  that  in  addition  to  the  free  mono¬ 
mer  (3.2S;  G1 ),  the  oocyte  appears  to  generate  dimers  (5.6S;  G2) 
and  to  a  lesser  extent  tetramers  (10. 2S;  G4)  of  human  AChE. 
Endogenous  oocyte  AChE  activity  is  undetectable  under  these 
conditions.  The  arrow  marks  the  position  of  bovine  liver  catalase 
(1 1 .45).  D:  Expression  of  ACHE  DNA  in  Xenopus.  Oocytes  were 
injected  with  5  ng  of  synthetic  ACHE  mRNA  or  CMVACHE  (Velan 
et  al.,  1 991a)  and  incubated  for  1  (RNA)  to  3  (DNA)  days.  Oocytes 
injected  with  incubation  medium  (BRT)  or  uninjected  oocytes 
served  as  control.  Activity  is  expressed  as  micromoles  of  sub¬ 
strate  hydrolyzed  per  hour  per  oocyte,  in  mean  ±  SEM  (bars) 
values  for  three  independent  microinjection  experiments. 


motor  activity  and  hatching  (Cohen,  1980).  Fervent 
embryonic  development  and  ultrastructural  matura¬ 
tion  of  the  neuromuscular  system  continue,  giving 
rise  to  a  free  swimming  tadpole  within  4-5  days. 
From  day  2  PF,  a  steady  increase  in  AChE  activity  is 
observed  (Gindi  and  Knowland,  1979),  concomitant 
with  a  developmentally  regulated  decrease  in  the  time 
course  of  the  synaptic  potential  in  Xenopus  myo- 
tomes  (Kullberg  et  al.,  1980).  The  rapid  development 
of  the  neuromuscular  system  in  Xenopus  thus  makes 
it  an  excellent  in  vivo  model  for  the  study  of  verte¬ 
brate  myogenesis  and  synaptogenesis. 

We  have  cloned  a  DNA  sequence  encoding  human 
AChE  and  used  it  to  express  catalytically  active  AChE 
in  microinjected  Xenopus  oocytes  (Soreq  et  al.,  1990) 


and  cultured  human  cells  (Velan  et  al.,  1 99 1  a).  Placed 
downstream  of  either  the  native  human  AChE  gene 
(ACHE)  promoter  or  the  cytomegalovirus  (CMV)  en¬ 
hancer-promoter  and  introduced  into  fertilized  Xen^ 
opus  eggs,  this  DNA  led  to  overexpression  of  AChE  in 
NMJs  of  2-day-old  embryos  (Ben  Aziz-Aloya  et  al., 
1993).  Here,  we  present  a  biochemical  and  histochem- 
ical  characterization  of  this  recombinant  human 
AChE  (rHAChE)  as  expressed  in  Xenopus.  Moreover, 
we  demonstrate  the  persistence  of  overexpressed  en¬ 
zyme  in  NMJs  to  at  least  day  3  of  embryonic  develop¬ 
ment  and  offer  evidence  indicating  subtle  alterations 
in  the  ultrastructure  of  NMJs  from  embryos  overex¬ 
pressing  rHAChE.  Our  findings  indicate  the  assign¬ 
ment  of  catalytically  active  monomeric  rHAChE  to 
subcellular  compartments  common  to  those  occu¬ 
pied  by  native,  multimeric  Xenopus  AChE  in  embry¬ 
onic  myotomes  and  suggest  a  morphogenetic  role  for 
AChE  in  vertebrate  synaptogenesis. 

MATERIALS  AND  METHODS 

In  vitro  fertilization  and  microinjections 

DNA  microinjections  into  X.  laevis  oocytes  and  fertilized 
eggs  were  essentially  as  previously  described  (Ben  Aziz- 
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FIG.  2.  Normal  development  of  CMVACHE-injected  embryos.  A 
schematic  representation  of  a  microinjection  experiment  depict¬ 
ing  the  principal  developmental  stages  and  analytical  approaches 
used  in  this  work  is  shown  together  with  photographs  displaying 
the  normal  gross  development  of  unstained  microinjected  em¬ 
bryos  (+)  compared  with  control  uninjected  embryos  (-)  3  days 
PF.  In  vitro  fertilized  eggs  of  Xenopus  laevis  were  injected  with  1 
ng  of  CMVACHE  and  cultured  for  1  -4  days  as  described  in  Mate¬ 
rials  and  Methods.  Sketches  are  modeled  after  those  of  Deuchar 
(1966). 
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FIG.  3.  CMVACHE-jnjected  Xenopus  embryos  express  and 
maintain  biochemically  distinct  heterologous  human  AChE  for  at 
least  4  days.  A:  Overexpression  of  rHAChE  in  developing  em¬ 
bryos.  High-salt/detergent  extracts  of  CMVACHE-injected  and 
uninjected  embryos  were  prepared  and  assayed  for  AChE  activity 
in  the  presence  and  absence  of  the  selective  inhibitor  echothio- 
phate  (3.3  X  1 0"^  M\  inset).  Endogenous  AChE  activity  was  cal¬ 
culated  according  to  an  algorithm  assuming  90%  inhibition  of 
rHAChE  and  20%  inhibition  of  frog  AChE  at  this  concentration  of 
inhibitor.  The  bar  graph  represents  the  total  AChE  activity  mea¬ 
sured  per  microinjected  embryo  at  various  time  points  following 
microinjection  and  the  calculated  activities  attributable  to  rHAChE 
(dark  shading)  and  endogenous  frog  AChE  (light  shading).  The 
total  AChE  activity  measured  in  uninjected  control  embryos  at  the 
same  time  points  Is  indicated  by  open  circles.  Data  represent 
average  ±  SEM  (bars)  values  from  four  to  six  embryos  from  the 
indicated  number  (N)  of  independent  microinjection  experiments. 
Inset:  Selective  inhibition  of  rHAChE  by  echothiophate.  Homoge¬ 
nates  representing  endogenous  frog  (Fr)  or  recombinant  human 
(rH)  AChE  were  assayed  for  activity  following  a  40-min  preincuba¬ 
tion  with  the  indicated  concentrations  of  echothiophate.  Data  are 
averages  of  three  experiments.  B:  Immunochemical  discrimina¬ 
tion  between  rHAChE  and  embryonic  Xenopus  AChE.  Affinity- 
purified  AChE  from  CMVACHE-injected  Xenopus  embryos  (rH), 
control  uninjected  embryos  (Fr),  human  brain  (hBr),  and  erythro¬ 
cytes  (hEr)  was  subjected  to  denaturing  gel  electrophoresis  and 
protein  blot  analysis  as  described  in  Materials  and  Methods.  Each 
lane  represents  ~20  ng  of  protein,  except  rH,  which  contained 
only  6  ng.  Note  the  complete  absence  of  immunoreactivity  with 
embryonic  Xenopus  AChE,  although  silver  staining  of  a  parallel 
gel  demonstrated  detectable  protein  at  the  corresponding  posi¬ 
tion  (data  not  shown).  The  faint  upper  bands  (1 40-1 60  kDa)  in  the 
lanes  displaying  native  human  AChEs  represent  dimeric  forms 
resulting  from  incomplete  reduction  of  the  intersubunit  disulfide 
bonds  (see  Liao  et  al.,  1992).  Prestained  molecular  weight 
markers  indicated  on  the  right  were  from  Bio-Rad,  U.S.A.. 


Aloya  et  al,  1993).  Fertilized  eggs  were  dejellied  with  2% 
cysteine  and  injected  within  the  first  two  cleavage  cycles  in 
medium  containing  5%  Ficoll  in  0.3  X  Mark’s  modified 
Ringer  (MMR).  Several  hours  after  microinjection,  em¬ 
bryos  were  transferred  into  0.3  X  MMR  and  cultured  over¬ 
night  at  17-19°C.  One-day-old  embryos  were  transferred  to 
either  0. 1 X  MMR  or  aged  tap  water  and  cultured  for  an 
additional  1-3  days. 

Activity  assays 

Embryos  were  harvested  in  groups  of  three  to  five  appar¬ 
ently  normal  individuals  and  stored  frozen  until  used.  Ho¬ 
mogenates  were  prepared  in  a  high-salt/detergent  buffer 


[0.01  M  Tris,  1.0  M  NaCl,  1%  Triton  X-100,  and  1  mM 
EGTA  (pH  7.4);  150  P^r  embryo]  and  assayed  for  enzy¬ 
matic  activity  as  detailed  elsewhere  (Neville  et  al.,  1992). 
For  subcellular  fractionations,  groups  of  three  embryos 
were  homogenized  in  low-salt  buffer  [0.02  Af  Tris-HCl  (pH 
7.5),  0.01  MMgCl2,  and  0.05  MNaCl;  100  per  embryo] 
and  centrifuged  at  100,000  rpm  for  10  min  in  a  Beckman 
model  TLIOO  tabletop  ultracentrifuge.  The  supernatant  was 
collected  and  considered  the  low-salt-soluble  fraction.  The 
pellet  was  resuspended  in  low-salt/detergent  buffer  [0.01  M 
phosphate  buffer  (pH  7.4)  and  1%  Triton  X-100],  incubated 
on  ice  for  1  h,  and  centrifuged  as  above  for  5  min  to  generate 
the  detergent-soluble  fraction.  The  remaining  pellet  was  re¬ 
suspended  in  high-salt  buffer  [0.01  A/ phosphate  buffer  (pH 
7.4),  1.0  MNaCl,  and  I  m A/ EGTA]  to  release  the  high-salt- 
soluble  AChE  fraction. 

Protein  blot  analyses 

rHAChE  was  purified  by  affinity  chromatography  from 
~  180  “day  1”  embryos  injected  with  plasmid  DNA  carry¬ 
ing  AChE  cDNA  downstream  of  the  CMV  promoter-en¬ 
hancer  element  (CMVACHE)  using  a  modified  procedure 
for  the  purification  of  native  human  AChE  (Gennari  and 
Brodbeck,  1985).  In  brief,  AChE  from  embryos  homoge¬ 
nized  in  low-salt/detergent  buffer  was  bound  to  Sepharose 
beads  carrying  AL(1 -amino-hexyl )-3-dimethylethylamino- 
benzoic  amide  by  shaking  overnight  at  room  temperature. 
Elution  was  with  0.02  M  edrophonium  chloride  (Tensilon; 
Hoffmann-La  Roche,  Basel,  Switzerland).  Embryonic  Xen¬ 
opus  AChE  was  similarly  purified  from  1 -week-old  tadpoles 
but  had  to  be  eluted  by  boiling  in  0.1%  sodium  dodecyl 
sulfate.  Denaturing  sodium  dodecyl  sulfate-polyacrylamide 
gel  electrophoresis  and  blotting  were  essentially  as  described 
elsewhere  (Liao  et  al.,  1992)  using  a  pool  of  monoclonal 
antibodies  (mAbs;  132-1,2,3;  6  pg/m\  each)  raised  against 
denatured  human  brain  AChE  (Brodbeck  and  Liao,  1992). 

Sucrose  gradient  analysis  of  AChE  subunit  assembly 

Freshly  prepared,  high-salt/detergent  extracts  from  one 
or  two  embryos  or  five  to  10  oocytes  were  applied  to  12-ml 
5-20%  linear  sucrose  density  gradients  and  centrifuged 
overnight  at  4°C.  Fractions  were  collected  into  96-well  mi- 


TABLE  1.  Subcellular  fractionation  of  rHAChE  in 
CMVACHE-injected  Xenopus  embryos 


Fraction 

rH 

Fr  (day  3) 

Day  1 

Day  2 

Day  3 

LSS 

57  ±2 

60  ±  4 

53  ±  3 

36  ±5 

DS 

37  ±2 

34  ±4 

36  ±3 

31  ±4 

HSS 

6±2 

5  ±  1 

10  ±  1 

33  ±7 

Fertilized  Xenopus  eggs  were  microinjected  with  1  ng  of 
CMVACHE  DNA,  cultured  for  1  -3  days,  and  subjected  to  homoge¬ 
nization  and  subcellular  fractionation  as  described  in  Materials  and 
Methods.  rHAChE  in  each  fraction  (rH)  was  detected  by  enzyme- 
antigen  immunoassay  (Liao  et  al.,  1 992)  using  a  specific  mAb  (101- 
1 )  raised  against  bovine  brain  AChE.  Endogenous  AChE  activity  in 
uninjected  tadpoles  (Fr)  was  determined  by  the  standard  colorimet¬ 
ric  assay  described  in  Materials  and  Methods.  Percent  enzyme  activ¬ 
ity  in  each  fraction  (average  ±  SEM)  is  shown  for  three  to  five 
groups  of  three  embryos  from  a  single  microinjection  experiment. 
LS,  low-salt  soluble;  DS,  detergent  soluble;  HSS,  high-salt  soluble. 
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Fraction  No. 

G1  G2  G4  A8,12 

FIG.  4.  rHAChE  in  microlnjected  Xenopus  embryos  remains 
monomeric.  High-salt/detergent  extracts  representing  two  em¬ 
bryos  were  subjected  to  sucrose  density  centrifugation  as  de¬ 
scribed  in  Materials  and  Methods.  Shown  are  total  AChE  (solid 
line)  and  immunoreactive  rHAChE  (dotted  line)  from  CMVACHE- 
injected  embryos  1-4  days  PF.  rHAChE  appeared  exclusively  as 
a  peak  representing  monomeric  AChE  ('^3.2S)  at  all  time  points. 
The  arrow  marks  the  position  of  bovine  liver  catalase  (1 1 .4S). 
Insets:  AChE  molecular  forms  in  control  uninjected  embryos 
scaled  to  the  total  activity  levels  observed  in  DNA-injected  em¬ 
bryos  (see  Fig.  2).  Peak  analysis  demonstrated  that  the  distribu¬ 
tion  of  oligomeric  forms  was  identical  to  that  observed  in 
CMVACHE-Injected  embryos.  Note  that  monomeric  AChE  is  es¬ 
sentially  undetectable  in  control  embryos.  G1 ,  G2,  and  G4  indi¬ 
cate  the  expected  positions  of  the  globular  monomer,  dimer,  and 
tetramer  in  the  gradient;  A8  and  12  indicate  the  positions  of 
“tailed”  asymmetric  forms.  Fraction  0  represents  the  top  of  the 
gradient. 


crotiter  plates  and  assayed  for  total  AChE  activity  as  previ¬ 
ously  described  (Soreq  et  al.,  1989).  To  distinguish  between 
rHAChE  and  endogenous  Xenopus  AChE  in  gradient  frac¬ 
tions,  lOO-^il  aliquots  were  transferred  to  a  Maxisorp  im- 
munoplate  (Nunc,  Copenhagen,  Denmark)  coated  with  an 
mAb  (mAb  101-1)  recognizing  human  but  not  frog  AChE 
and  diluted  1 : 1  with  double  distilled  water.  Following  over¬ 
night  incubation,  the  plates  were  washed  three  times  with 


phosphate-buffered  saline  containing  0.05%  Tween  20,  and 
each  well  was  assayed  for  catalytically  active  AChE. 

Cytochemical  AChE  staining  and  electron  microscopy 

Embryos  were  fixed,  cytochemically  stained  for  AChE, 
and  prepared  for  electron  microscopy  as  previously  de¬ 
scribed  (Ben  Aziz-Aloya  et  al.,  1993).  Cytochemical  stain¬ 
ing  (Karnovsky,  1964)  was  carried  out  in  acetate  buffer  (pH 
6.1)  for  15-20  min  at  4°C  within  3  days  of  fixation. 

RESULTS 

Xenopus-expressed  AChE  is  biochemically 
indistinguishable  from  native  human  AChE 

Microinjected  into  mature  X.  laevis  oocytes,  5  ng  of 
in  vitro-transcribed  AChE  mRNA  directed  the  pro¬ 
duction  of  catalytically  active  AChE  displaying  sub¬ 
strate  and  inhibitor  interactions  characteristic  of  the 
native  human  enzyme  (Fig.  1 A  and  B).  The  apparent 
calculated  for  rHAChE  toward  acetylthiocholine 
was  0.3  mM,  essentially  identical  to  that  displayed  by 
rHAChE  expressed  in  cell  lines  (Velan  et  al.,  1991^) 
and  native  human  erythrocyte  AChE  (data  not 
shown).  In  sucrose  density  centrifugation  rHAChE 
sedimented  primarily  as  monomers  and  dimers,  al¬ 
though  a  discernible  peak  apparently  representing 
globular  tetrameric  AChE  was  also  observed  (Fig. 
1C).  When  CMVACHE  (Velan  et  al.,  1991^)  was  mi¬ 
croinjected  into  oocytes,  active  AChE  in  yields  10- 
20-fold  higher  than  that  observed  following  RNA  in¬ 
jections  was  obtained  (Fig.  ID),  demonstrating  effi¬ 
cient  transcription  from  this  promoter  in  Xenopus. 

Transient  expression  of  CMVACHE  in  Xenopus 
embryos 

Microinjected  into  cleaving  Xenopus  embryos, 
CMVACHE  directed  the  biosynthesis  of  rHAChE  at 
levels  similar  to  those  observed  in  DNA-injected  oo¬ 
cytes.  Yet,  the  gross  morphology  and  development  of 
CMVACHE-injected  embryos  appeared  completely 
normal  (Fig.  2).  Moreover,  gross  motor  function  of 
microinjected  embryos,  as  evaluated  by  twitching  and 
hatching  on  day  2,  reflexive  swimming  on  day  3,  and 
free  swimming  on  later  days,  was  unimpaired  com¬ 
pared  with  normal,  uninjected  controls.  Microin¬ 
jected  tadpoles  survived  up  to  4  weeks,  showing  no 
overt  developmental  handicaps  (data  not  shown).  Fol¬ 
lowing  overnight  incubation,  at  which  time  embryos 
had  reached  the  late  gastrula  stage,  endogenous  AChE 
levels  were  negligible,  and  rHAChE  activity  repre¬ 
sented  a  50- 100-fold  excess  over  normal  (Fig.  3 A). 
From  day  2  PF,  detectable  endogenous  AChE  activi¬ 
ties  increased  steadily.  Using  the  irreversible  AChE 
inhibitor  echothiophate  (Neville  et  al.,  1 992)  to  distin¬ 
guish  between  endogenous  frog  AChE  and  rHAChE 
(Fig.  3A,  inset),  we  observed  the  persistence  of  reced¬ 
ing  levels  of  rHAChE  for  at  least  4  days  PF.  For  the 
first  3  days  rHAChE  accounted  for  >50%  of  the  total 
measured  AChE  activity  in  microinjected  embryos 
and  resulted  in  a  state  of  general  overexpression  com- 
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FIG.  5.  Disposition  of  rHAChE  in  myotomes  from  2-clay-old  microinjected  Xenopus  embryos.  Fertilized  Xenopus  eggs  were  microinjected 
with  1  ng  of  CMVACHE,  incubated  for  2  days  at  1 7°C,  fixed,  stained,  and  prepared  for  electron  microscopy  as  described  in  Materials  and 
Methods.  Uninjected  embryos  from  the  same  fertilization  served  as  controls  and  were  similarly  treated.  Arrows  mark  accumulations  of 
reaction  product  indicating  sites  of  catalytically  active  AChE.  A:  Uninjected  control  myotome  in  longitudinal  section  following  activity 
staining  for  AChE.  B:  Myotome  section  from  CMVACHE-injected  embryo.  C:  Uninjected  control  myotome  in  transverse  section.  D: 
Transverse  section  from  CMVACHE-injected  embryo.  Note  the  increased  intensity  of  staining  in  sections  from  injected  embryos  versus 
uninjected  controls  within  the  same  subcellular  compartments,  especially  within  the  sarcoplasmic  reticulum  (Sr).  A,  A  band;  I,  I  band;  Z,  Z 
disc;  Tr,  triad;  T,  T  tubules;  G,  glycogen  particles.  Bar  =  0.5 
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pared  with  uninjected  controls.  By  day  6  PF,  no  heter¬ 
ologous  enzyme  could  be  detected  in  homogenates 
(data  not  shown).  At  all  time  points  examined,  the 
level  of  frog  AChE  in  CMVACHE-injected  tadpoles 
appeared  less  than  that  observed  in  uninjected  em¬ 
bryos. 

In  immunoblot  analysis  following  denaturing  gel 
electrophoresis,  rHAChE  was  observed  to  comigrate 
with  native  human  brain  AChE,  yielding  a  clearly  visi¬ 
ble  doublet  band  at  ~68  kDa  (Fig,  3B).  rHAChE  was 
selectively  recognized  by  a  pool  of  mAbs  raised 
against  denatured  human  brain  AChE,  and  no  cross- 
immunoreactivity  with  embryonic  Xenopus  AChE 
was  observed  (Fig.  3B).  The  doublet  band  observed 
may  reflect  differences  in  glycosylation  (Kronman  et 
al,,  1992).  Sequential  extractions  with  low-salt,  deter¬ 
gent,  and  high-salt  buffers  revealed  that  ^-'35%  of 
rHAChE  synthesized  in  transiently  transgenic  em¬ 
bryos  was  associated  with  membranes,  requiring  de¬ 
tergent  for  solubilization  (Table  1).  Whereas  up  to 
33%  of  the  endogenous  enzyme  in  day  3  uninjected 
tadpoles  appeared  in  the  high-salt-extractable  frac¬ 
tion,  salt-soluble  rHAChE  remained  primarily  in  the 
low-salt  fraction  at  all  days  examined  (Table  1).  En¬ 
zyme-antigen  immunoassay  with  a  species-specific 
mAb  (mAb  101-1)  was  used  to  differentiate  between 
human  and  frog  enzyme  in  the  fractions. 

rHAChE  remains  monomeric  in  Xenopus  embryos 

To  examine  the  possibility  that  heterologous  hu¬ 
man  AChE  could  undergo  homomeric  oligomeric  as¬ 
sembly  or  interact  with  either  catalytic  or  noncatalytic 
subunits  of  Xenopus  AChE  to  produce  hybrid  oligo¬ 
mers,  sucrose  density  centrifugation  and  enzyme-an¬ 
tigen  immunoassay  were  performed.  At  all  time 
points  examined,  we  observed  rHAChE  exclusively  as 
nonassembled  monomers  sedimenting  at  '^3.2S,  de¬ 
spite  the  concomitant  accumulation  of  various  multi¬ 
meric  forms  of  the  endogenous  frog  enzyme  (Fig.  4). 
When  oligomeric  AChE  purified  from  CMVACHE- 
transfected  cell  cultures  (Velan  et  al.,  \99\b)  or  from 
human  brain  (Liao  et  al.,  1992)  was  preincubated 
with  extracts  of  day  3  uninjected  embryos  and  simi¬ 
larly  analyzed,  monomers,  dimers,  and  tetramers 
were  detected,  and  the  distribution  of  oligomeric 
forms  observed  was  identical  to  that  in  control  sam¬ 
ples  (data  not  shown).  Thus,  mAb  101-1  detects  all 
the  globular  configurations  of  rHAChE,  and  proteo¬ 
lytic  activity  does  not  appear  to  degrade  stable  oligo¬ 
meric  AChE  in  embryo  extracts.  Endogenous  Xeno¬ 
pus  AChE  appeared  primarily  as  a  dimer  on  day  2  PF 
with  globular  tetrameric  and  asymmetric  tailed  forms 
appearing  and  increasing  in  content  from  day  3  on¬ 
ward  (Fig.  4,  insets).  Superposition  of  the  gradients 
from  control  and  CMVACHE-injected  embryos  dem¬ 
onstrated  that  the  normal  developmental  progression 
of  Xenopus  AChE  oligomeric  assembly  was  conserved 
in  CMVACHE-injected  embryos  despite  the  high  ex¬ 


cess  of  rHAChE  monomers  (Fig.  4  and  data  not 
shown). 

Subcellular  disposition  of  rHACbE  in  myotomes  of 
CMVACHE-injected  embryos 

Whole-mount  cytochemical  staining  of  CMVACHE- 
injected  embryos  indicated  accumulation  of  AChE  in 
myotomes  2  days  PF  (data  not  shown).  We  therefore 
undertook  an  ultrastructural  analysis,  at  the  electron 
microscope  level,  of  myotomes  from  2-  and  3-day-old 
embryos  microinjected  with  CMVACHE  as  com¬ 
pared  with  normal  uninjected  controls.  Longitudinal 
and  transverse  sections  from  rostral  trunk  somites  re¬ 
vealed  clearly  discernible  myofibers  2  days  PF  in  both 
injected  and  uninjected  embryos  (Fig,  5).  By  day  3 
PF,  both  groups  displayed  significant  increases  in 
their  numbers  of  myofibrillar  elements  and  in  matura¬ 
tion  of  the  sarcoplasmic  reticulum  (Fig.  6),  To  exam¬ 
ine  the  subcellular  localization  of  nascent  AChE  in 
transgenic  and  control  embryos,  we  used  cytochemi¬ 
cal  activity  staining  (Karnovsky,  1964).  In  both  the 
experimental  and  control  groups,  crystalline  deposits 
of  electron-dense  reaction  product  were  observed  pri¬ 
marily  in  association  with  myofibrils,  among  the 
myofilaments,  and  within  the  sarcoplasmic  reticulum 
(Figs.  5  and  6^  Various  organelles,  including  the  nu¬ 
clear  membrane,  free  and  bound  polyribosomes, 
Golgi,  and  sometimes  mitochondria,  were  also 
stained  (Figs.  5  and  6  and  data  not  shown). 

At  day  2  PF,  staining  in  CMVACHE-injected  em¬ 
bryos  was  conspicuously  more  pronounced  than  that 
observed  in  uninjected  controls,  in  both  the  quantity 
and  intensity  of  reaction  product  (Fig.  5).  However, 
variability  was  observed  between  tissue  blocks,  proba¬ 
bly  reflecting  mosaic  expression  of  the  injected  DNA 
and/or  variability  in  the  efficiency  of  expression  be¬ 
tween  embryos  (S.S.  and  H.S.,  unpublished  data).  In 
longitudinal  sections  from  CMVACHE-injected  em¬ 
bryos,  staining  appeared  to  be  concentrated  at  the  I 
band  of  myofibers,  particularly  around  the  triad 
marking  the  intersection  of  the  sarcoplasmic  reticu¬ 
lum  and  T-tubule  systems.  In  contrast,  the  sparse 
staining  observed  in  control  sections  appeared  ran¬ 
domly  distributed.  By  day  3  PF,  the  general  staining 
intensity  in  both  groups  had  significantly  increased, 
whereas  observable  differences  between  the  groups 
were  less  dramatic.  Cross  sections  revealed  especially 
prominent  staining  within  the  sarcoplasmic  reticu¬ 
lum  (Fig.  6A  and  B).  Strong  staining  was  now  ob¬ 
served  at  both  the  A  and  I  bands  and,  for  the  first  time, 
within  the  T-tubules  (Fig.  6C  and  D).  Overall,  day  2 
CMVACHE-injected  myotomes  resembled  day  3  un¬ 
injected  control  myotomes  in  staining  incidence  and 
intensity  (Figs.  5  A  and  C  and  6B  and  D). 

Ultrastructural  consequences  of  overexpressed 
AChE  in  Xenopus  NMJs 

We  have  previously  demonstrated  up  to  10-fold 
overexpression  of  catalytically  active  AChE  in  NMJs 
of  CMVACHE-injected  embryos  2  days  PF  (Ben 
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FIG.  6.  Overexpression  of  AChE  in  myotomes  of  CMVACHE-injected  embryos  persists  to  day  3.  Analyses  were  as  in  Fig.  5  except  that 
embryos  were  analyzed  after  incubation  for  3  days.  Note  the  developmental  increases  in  myotomal  AChE  in  both  control  uninjected  (A  and 
C)  and  CMVACHE-injected  sections  (B  and  D),  especially  within  the  sarcoplasmic  reticulum  (Sr)  and  T-tubules  (T).  Bar  =  0.5 


Aziz-Aloya  et  al.,  1993).  To  examine  the  persistence 
of  this  state  and  its  implications  for  synaptic  ultra- 
structure,  we  studied  both  cytochemically  stained  and 
closely  appositioned  unstained  NMJs  from  3-day-old 
injected  and  control  embryos  (Fig.  7  and  Table  2).  In 


the  injected  group,  72%  of  the  postsynaptic  mem¬ 
brane  length  (Table  2)  was  stained,  on  average,  for 
active  AChE.  In  contrast,  only  22%  of  the  postsynap¬ 
tic  length  was  stained  in  controls.  Moreover,  the  total 
area  covered  by  reaction  product  was  approximately 
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FIG.  7.  Structural  features  in  NMJs  of  3-day-old  CMVACHE-injected  Xenopus  embryos  overexpressing  AChE.  Xenopus  embryos  were 
cultured  for  3  days,  fixed,  stained  for  AChE  catalytic  activity,  and  examined  by  transmission  electron  microscopy  as  described  in  Materials 
and  Methods.  Two  cytochemically  stained  synapses  are  presented  from  uninjected  control  (A  and  B)  and  CMVACHE-injected  (D  and  E) 
embryos.  Note  the  particularly  high-density  staining  in  areas  directly  opposite  nerve  terminal  zones  enriched  in  presynaptic  neurotransmit¬ 
ter  vesicles  (v).  C  and  F:  Representative  unstained  NMJs  from  a  control  and  a  CMVACHE-injected  embryo,  respectively.  The  synapse 
shown  in  B  represents  the  highest  degree  of  staining  observed  in  a  control  section,  mf,  myofibril.  Arrows  indicate  postsynaptic  folds. 
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TABLE  2.  Overexpression  of  AChE  in  NMJs  of  3-day~old  CMVACHE-injected  Xenopus 

embryos 


Experiment 

PSL  (^m) 

SL  (mhi) 

SL/PSL  ratio 

SA  (/Lim^) 

Uninjected 

2.57 

0.79 

0.004 

0.156 

3.95 

0.79 

0.200 

0.126 

1.54 

0.80 

0.060 

0.080 

2.35 

0.73 

0.310 

0.082 

1.17 

0.44 

0.085 

0.063 

1.60 

0.29 

0.180 

0.056 

1.02 

0.29 

0.280 

0.040 

0.88 

0.58 

0.650 

0.075 

Average  ±  SD 

1.88  ±0.93 

0.58  ±0.22 

0.22  ±0.19 

0.084  ±  0.038 

+  CMVACHE 

1.76 

1.17 

0.660 

0.284 

2,50 

2.05 

0.820 

0.331 

2.64 

1.91 

0.720 

0.285 

2.50 

2.40 

0.960 

0.476 

3.50 

2.03 

0.580 

0.396 

1.85 

1.66 

0.900 

0.333 

3.10 

1.85 

0.600 

0.535 

3.23 

1.76 

0.540 

0.289 

Average  ±  SD 

2.64  ±0.58 

1.85  ±0.33 

0.72  ±0.15 

0.37  ±  0.09 

P 

<0.01 

<0.002 

<0.002 

<0.002 

Eight  representative  synapses  from  CMVACHE-injected  or  control  uninjected  embryos  were  assessed 
for  postsynaptic  membrane  length  (PSL),  the  sum  total  length  covered  by  reaction  product  (SL),  the 
fraction  of  nerve-muscle  contact  distance  displaying  reaction  product  (SL/PSL),  and  the  total  stained  area 
(SA).  Average  ±  SD  values  are  given.  Measurements  were  performed  on  electron  micrographs  using  a 
hand-held  mapping  device. 


fourfold  greater  in  NMJs  from  CMVACHE-injected 
embryos  than  those  from  controls  (Table  2).  In  addi¬ 
tion,  the  staining  observed  in  NMJs  from  injected  em¬ 
bryos  was  considerably  more  intense  than  that  dis¬ 
played  by  control  NMJs,  forming  large  black  accumu¬ 
lations  of  reaction  product  as  opposed  to  the  lighter, 
more  diffuse  staining  observed  in  controls  (Fig.  7A,  B, 
D,  and  E). 

Ultrastructural  features  of  NMJs  from  injected  and 
uninjected  embryos  were  best  discerned  in  unstained 
synapses.  NMJs  from  control  embryos  generally  ap¬ 
peared  smooth  and  relatively  undeveloped,  with  up  to 
two  secondary  folds  of  the  postsynaptic  membrane 
and  a  single  nerve-muscle  contact  (Fig.  7C).  In  con¬ 
trast,  NMJs  from  CMVACHE-injected  embryos  dis¬ 
played  an  average  of  three  secondary  folds  and  one 
to  three  discrete  contacts  between  pre-  and  postsynap¬ 
tic  membranes  (Fig.  7F).  Furthermore,  the  average 
postsynaptic  membrane  length  in  NMJs  from 
CMVACHE-injected  embryos  was  30%  larger  and 
considerably  less  variable  than  that  measured  in  con¬ 
trol  embryos  (SL;  Table  2).  Yet,  the  distance  across 
the  synaptic  cleft  was  both  larger  and  more  variable  in 
injected  embryos  than  in  controls  (129  ±  72  vs.  94  ± 
23  nm;  n  =  14).  NMJs  overexpressing  rHAChE  thus 
appeared  more  developed  in  their  structural  buildup 
than  controls. 

DISCUSSION 

Numerous  important  nervous  system  proteins  have 
been  expressed  in  DNA-  and  RNA-injected  oocytes  of 


X,  laevis  (reviewed  by  Soreq  and  Seidman,  1992).  To 
study  the  role  and  regulation  of  specific  gene  products 
in  embryonic  development  (Vize  et  al.,  1991)  and 
myogenesis  (Hopwood  et  al.,  1991),  microinjected 
Xenopus  embryos  have  been  used.  Here,  we  used  mi¬ 
croinjected  oocytes  to  demonstrate  the  efficacy  of  the 
CMV  promoter  in  observing  five- to  10-fold 

higher  levels  of  heterologous  enzyme  than  that  in¬ 
duced  by  microinjection  of  in  vitro-transcribed 
mRNA.  Although  no  direct  interactions  between 
rHAChE  and  endogenous  Xenopus  AChE  catalytic  or 
structural  subunits  were  observed,  calculations  of 
Xenopus  AChE  levels  in  microinjected  embryos  indi¬ 
cated  that  some  feedback  regulation  may  be  operative 
in  repressing  endogenous  AChE  biosynthesis  under 
conditions  of  overexpression.  Feedback  regulation  of 
AChE  has  been  previously  demonstrated  in  chicken 
retinospheroids  (Willbold  and  Layer,  1992), 

Ectopic  gene  expression/overexpression  often  re¬ 
sults  in  gross  morphogenic  aberrations  (Harvey  and 
Melton,  1988;  McMahon  and  Moon,  1989;  Sokol  et 
al.,  1991).  Yet,  we  found  that  Xenopus  embryos  can 
tolerate  large  excesses  of  catalytically  active  heterolo¬ 
gous  AChE  without  suffering  gross  morphological  or 
developmental  abnormalities.  This  observation  is  es¬ 
pecially  interesting  in  light  of  evidence  implicating 
AChE  in  the  early  embryonic  development  of  non- 
cholinergic  tissues  (Drews,  1975)  and  with  develop¬ 
mental  processes  such  as  gastrulation  and  cell  migra¬ 
tion  (Drews,  1975;  Fitzpatrick-McElligot  and  Stent, 
1981),  nerve  outgrowth  and  differentiation  (Layer, 


J.  Neurochem.,  Vol.  62,  No.  5,  1994 


HUMAN  AChE  IN  XENOPUS  EMBRYOS 


1679 


1991),  and  proliferation  and  differentiation  of  hema¬ 
topoietic  cells  (Lapidot-Lifson  et  al.,  1989,  1992;  Pa- 
tinkin  et  al.,  1990).  As  neither  the  overall  rate  of  devel¬ 
opment  nor  general  morphology  of  CMVACHE-in- 
jected  embryos  was  altered  by  50-  100-fold  excesses  of 
the  active  enzyme  at  the  gastrula  stage,  our  findings 
do  not  support  a  role  for  rHAChE  in  modulating  cell 
growth,  proliferation,  or  movement  in  very  early 
opus  embryogenesis.  However,  because  these  biologi¬ 
cal  activities  may  be  unassociated  with  acetylcholine 
hydrolysis,  they  may  demonstrate  species  specificity 
and  remain  undetected  in  our  system. 

Despite  their  lack  of  MyoD  elements,  some  con¬ 
structs  carrying  the  pan-active  CMV  promoter 
(Schmidt  et  al.,  1990)  were  shown  to  be  expressed  in 
myotomes  of  transgenic  mouse  embryos  (Kothary  et 
al.,  1991).  Therefore,  the  characteristic  subcellular  seg¬ 
regation  of  overexpressed  rHAChE  in  muscle  may  re¬ 
flect  either  tissue-specific  biosynthesis  or  posttransla- 
tional  processing  of  nascent  enzyme  present  in  myo- 
tomal  progenitor  cells  at  the  onset  of  myogenesis.  The 
high  levels  of  rHAChE  present  in  gastrula-stage  em¬ 
bryos  may  argue  for  the  latter  possibility.  In  that  case, 
the  cytochemical  data  indicate  the  existence  of  an  in¬ 
trinsic,  evolutionarily  conserved  property  directing 
the  subcellular  trafficking  of  AChE  in  muscle  and 
thus  explain  the  accumulation  of  rHAChE  in  NMJs 
of  ACHE  DNA-injected  embryos.  Furthermore,  these 
results  may  imply  that  cotranslational  processes  are 
not  required  for  the  correct  compartmentalization  of 
AChE  in  muscle  cells.  In  a  similar  vein,  purified  re¬ 
combinant  synapsin  was  shown  to  be  incorporated 
into  synaptic  nerve  terminals  of  cultured  myotomes 
following  microinjection  into  fertilized  Xenopus  eggs 
(Lu  et  al.,  1992). 

The  general  state  of  myotomal  overexpression  in¬ 
duced  by  microinjection  of  CMV  ACHE  persisted  at 
least  3  days.  The  area  covered  by  reaction  product  in 
cytochemically  stained  NMJs  from  day  3,  CMVACHE- 
injected  embryos  was  four-  to  fivefold  over  that  ob¬ 
served  in  controls.  This  figure  represents  a  twofold 
lower  excess  than  that  measured  in  day  2  NMJs  (Ben 
Aziz-Aloya  et  al.,  1993)  yet  is  slightly  greater  than  the 
ratio  of  rHAChE  to  frog  AChE  as  determined  in  ho¬ 
mogenates  at  day  3  (Fig.  3  A).  This  apparent  reduction 
in  the  level  of  synaptic  overexpression  from  day  2  to 
day  3  PF  may  reflect  the  overall  decline  in  total 
rHAChE  activity  observed  during  this  period.  How¬ 
ever,  because  this  calculation  does  not  consider  the 
higher-density  staining  observed  in  NMJs  from 
CMVACHE-injected  embryos,  it  represents  an  un¬ 
derestimate  of  the  actual  synaptic  AChE  content. 
Therefore,  our  data  indicate  enhanced  stability  of 
rHAChE  at  the  NMJ  compared  with  the  total  pool,  a 
conclusion  consistent  with  the  observation  that  extra¬ 
cellular  matrix-associated  AChE  persists  in  situ  long 
after  denervation  of  adult  frog  skeletal  muscle  (Ang- 
lister  and  McMahan,  1985). 

Mammalian  cells  cotransfected  with  cDNAs  en¬ 
coding  catalytic  and  noncatalytic  AChE  subunits 


(Krejci  et  al.,  1991)  produce  multimeric  globular  and 
asymmetric  AChEs,  indicating  that  spatial  coexis¬ 
tence  may  normally  be  the  only  requirement  for  mul¬ 
timeric  assembly.  Human  cell  lines  transfected  with 
various  CMV  ACHE  constructs  similarly  express  and 
secrete  homooligomers  (Velan  et  al.,  1991^2;  Kron- 
man  et  al.,  1992).  rHAChE  displayed  oligomeric  as¬ 
sembly  in  microinjected  Xenopus  oocytes  but  not  in 
developing  embryos,  where  only  monomeric  rHAChE 
was  detected.  Nonetheless,  rHAChE  was  found  to  ac¬ 
cumulate  in  its  natural  subcellular  compartments  and 
was  correctly  transported  to  the  NMJ  of  transiently 
transfected  tadpoles.  These  findings  are  puzzling  in 
light  of  the  demonstration  that  secretion  appears 
linked  to  oligomerization  in  transfected  human  293 
cells  (Velan  etal.,  1991Z?;Keremetal.,  1993),  Further¬ 
more,  the  lack  of  demonstrable  oligomeric  assembly 
leaves  the  mode  of  association  of  rHAChE  with  the 
extracellular  surface  unexplained.  It  is  noteworthy, 
however,  that  DNA  constructs  encoding  the  parallel 
AChE  form  from  Torpedo  (Duval  et  al.,  1992)  and  the 
rat  (Legay  et  al.,  1993)  also  gave  rise  to  globular  am¬ 
phiphilic  AChE  forms  in  transfected  mammalian 
cells,  including  type  II  amphiphilic  monomers. 

In  humans,  ultrastructural  and  physiological  alter¬ 
ations  of  the  NMJ  have  been  associated  with  congeni¬ 
tal  AChE  and  AChR  deficiencies  (Wokke  et  al.,  1989; 
Jennekens  et  al.,  1992)  and  may  be  associated  with 
changes  in  the  balance  between  these  two  molecules 
at  the  synapse.  In  one  of  these  syndromes,  patients 
presented,  in  addition  to  AChE/ AChR  deficits,  NMJs 
displaying  decreased  miniature  end-plate  potentials, 
reduced  postsynaptic  membrane  lengths,  and  severely 
impaired  postsynaptic  secondary  folding  (Smit  et  al., 
1988) — opposite  features  to  those  observed  in  our 
NMJs  overexpressing  AChE.  It  is  yet  unclear  whether 
the  reduced  expression  of  synaptic  AChE  and/or 
AChR  represents  a  cause  or  an  outcome  of  the  ultra- 
structural  aberrations  observed  in  these  patients.  Our 
current  observations  suggest  that  disturbed  regulation 
of  AChE  may,  indeed,  carry  ultrastructural  conse¬ 
quences  for  synaptic  development.  It  will  thus  be  inter¬ 
esting  to  assess  the  impact  of  AChE  overexpression  on 
the  expression  and  organization  of  AChR  and  other 
key  synaptic  proteins  in  these  transiently  transgenic 
tadpoles. 
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Tissue-specific  heterogeneity  among  mammalian  acetylcholinesterases  (AChE)  has  been  associated  with  3' 
alternative  splicing  of  the  primary  AChE  gene  transcript.  We  have  previously  demonstrated  that  human  AChE 
DNA  encoding  the  brain  and  muscle  AChE  form  and  bearing  the  y  exon  E6  (ACHE-E6)  induces  accumulation 
of  catalytically  active  AChE  in  myotomes  and  neuromuscular  junctions  (NMJs)  of  2-  and  3-day-old  Xenopus 
embryos.  Here,  we  explore  the  possibility  that  the  3 '-terminal  exons  of  two  alternative  human  AChE  cDNA 
constructs  include  evolutionarily  conserved  tissue-recognizable  elements.  To  this  end,  DNAs  encoding  alter¬ 
native  human  AChE  mRNAs  were  microinjected  into  cleaving  embryos  of  Xenopus  laevis.  In  contrast  to  the 
myotomal  expression  demonstrated  by  ACHE-E6,  DNA  carrying  intron  14  and  alternative  exon  E5  (ACHE- 
I4/E5)  promoted  punctuated  staining  of  epidermal  cells  and  secretion  of  AChE  into  the  external  medium. 
Moreover,  ACHE-E6-injected  embryos  displayed  enhanced  NMJ  development,  whereas  ACHE-I4/E5-derived 
enzyme  was  conspicuously  absent  from  muscles  and  NMJs  and  its  expression  in  embryos  had  no  apparent 
effect  on  NMJ  development.  In  addition,  cell-associated  AChE  from  embryos  injected  with  ACHE-I4/E5  DNA 
was  biochemically  distinct  from  that  encoded  by  the  muscle-expressible  ACHE-E6,  displaying  higher  electro¬ 
phoretic  mobility  and  greater  solubility  in  low-salt  buffer.  These  findings  suggest  that  alternative  3 '-terminal 
exons  dictate  tissue-specific  accumulation  and  a  particular  biological  role(s)  of  AChE,  associate  the  3'  exon  E6 
with  NMJ  development,  and  indicate  the  existence  of  a  putative  secretory  AChE  form  derived  from  the 
alternative  I4/E5  AChE  mRNA. 


Acetylcholinesterase  (AChE)  is  accumulated  at  neuromus¬ 
cular  junctions  (NMJs)  (25),  where  it  serves  a  vital  function  in 
modulating  cholinergic  neurotransmission  (reviewed  in  refer¬ 
ence  31).  The  molecular  mechanisms  by  which  AChE  and 
other  synaptic  proteins  accumulate  in  the  NMJ  are  poorly 
understood.  Compartmentalized  transcription  and  translation 
in  and  around  the  junctional  nuclei  probably  contribute  to  the 
NMJ  localization  of  AChE  (9).  However,  the  high  concentra¬ 
tion  of  AChE  at  NMJs  suggests  that  an  additional  step(s)  may 
be  required  to  actively  accumulate  this  molecule  in  its  ultimate 
synaptic  destination.  In  that  case,  it  is  possible  to  postulate  the 
existence  of  a  unique  molecular  tag  identifying  some  AChE 
forms  as  NMJ  bound.  We  have  previously  offered  evidence 
that  an  evolutionarily  conserved  NMJ-recognizable  signal  is 
embedded  within  the  primary  amino  acid  sequence  of  the 
major  brain  and  muscle  (brain-muscle)  form  of  AChE  (1).  In 
the  present  report,  we  trace  this  signal  as  derived  from  an 
alternative  3'  exon  in  the  human  AChE  gene. 

In  addition  to  its  synaptic  location,  AChE  is  known  to  exist 
in  several  nonneuronal  cell  types,  including  epidermal  and 
hematopoietic  cells  (31).  Recent  studies  have  correlated  this 
particular  tissue  distribution  of  AChE  with  the  3'  alternative 
splicing  patterns  of  the  mRNA  transcripts  encoding  the  AChE 
protein.  The  dominant  brain-muscle  AChE  form  found  in 
NMJs  (AChE-T)  was  shown  to  be  encoded  by  an  mRNA 
carrying  exon  El  and  the  invariant  coding  exons  E2,  E3,  and 
E4,  spliced  to  alternative  exon  E6  (1,  15).  AChE  mRNA  bear- 
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ing  exons  El  through  E4  and  alternative  exon  E5  encodes  the 
glycolipid  phosphatidylinositol  (GPI) -linked  form  of  AChE 
characteristic  of  vertebrate  erythrocytes  (AChE-H)  (13,  16). 
An  additional  readthrough  mRNA  species  retaining  the  in- 
tronic  sequence  14  located  immediately  3'  to  exon  E4  was 
previously  observed  in  rodent  bone  marrow  and  erythroleuke- 
mic  cells  (13,  16)  and  in  various  tumor  cell  lines  of  human 
origin  (11).  The  tissue-specific  posttranscriptional  and  post- 
translational  management  of  AChE  mRNA  and  its  polypep¬ 
tide  products  raised  the  question  of  whether  alternative  3' 
exons  and/or  C-terminal  peptides  play  a  role  in  mediating  the 
accumulation  of  AChE  in  NMJs  as  opposed  to  other  tissues 
expressing  this  enzyme. 

To  examine  the  molecular  mechanisms  underlying  the  tis¬ 
sue-specific  accumulation  patterns  of  AChE,  we  established  an 
in  vivo  model  for  the  expression  of  alternative  human  AChEs 
in  transiently  transgenic  embryos  of  Xenopus  laevis.  Placed 
downstream  of  the  cytomegalovirus  (CMV)  promoter-en¬ 
hancer  unit  (32)  and  microinjected  into  fertilized  eggs  of  X. 
laevis,  DNA  carrying  the  invariant  coding  exons  and  alternative 
exon  E6  (ACHE-E6)  directed  the  production  of  catalytically 
active  AChE  which  accumulated  in  muscle  cells,  nerve  termi¬ 
nals,  and  NMJs  of  2-  and  3-day-old  embryos  (1,  27).  Here,  we 
have  constructed  an  additional  CMV  ACHE  plasmid  (ACHE- 
I4/E5),  potentially  encoding  the  remaining  two  alternative 
AChE  mRNAs,  and  compared  its  expression  pattern  in  micro- 
injected  embryos  with  that  of  ACHE-E6.  Our  findings 

indicate  that  tissue-specific  accumulation  of  AChE  may  be 
dictated  by  alternative  splicing  of  AChE  mRNAs,  that  the 
3 '-terminal  exon  E6  plays  an  essential  role  in  accumulation  of 
AChE  in  NMJs,  where  it  enhances  NMJ  development,  and  that 
the  readthrough  AChE  mRNA  may  engender  a  unique  secre- 
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tory  form  of  human  AChE  accumulated  in  epithelial  cells, 
which  is  excluded  from  NMJs. 

MATERIALS  AND  METHODS 

Vectors.  The  plasmid  referred  to  here  as  ACHE-E6  and  employed  to  express 
the  major  brain-muscle  form  of  AChE  has  been  described  in  detail  (CMV 
ACHE)  (32).  This  plasmid  contains  the  AChE-encoding  exons  E2,  E3,  E4,  and 
E6  (30)  downstream  of  the  CMV  promoter  and  is  followed  by  the  simian  virus 
40  polyadenylation  site.  ACHE-E6  was  used  to  construct  ACHE-I4/E5  by  ex¬ 
changing  the  cDNA  restriction  fragment  Not\-Hpa\  with  the  genomic  fragment 
Not\-HinAl\  (see  Fig.  1).  ACHE-I4/E5  potentially  encodes  both  the  GPI-Unked 
erythrocyte  AChE  form  generated  by  splicing  of  14  and/or  the  readthrough 
AChE  form  (11).  Repeated  DNA  sequencing  of  this  plasmid  DNA,  using  a  Hot 
Tub  PCR  cycle  sequencing  kit  (Amersham,  Amersham,  United  Kingdom)  con¬ 
firmed  that  the  14  domain  includes  a  stop  codon,  correcting  previous  erroneous 
sequencing  (11). 

Xenopiis  embryo  microinjections.  In  vitro  fertilization  and  microinjection  of 
mature  Xenopus  eggs  were  performed  as  described  elsewhere  (27),  except  that 
embiy'os  were  raised  at  19  to  21  °C. 

RT-PCR  procedure  and  primers.  Total  RNA  was  extracted  from  Xenopus 
embryos  1  day  after  injection  by  the  RNAsol-B  method  (Cinna/Biotecx),  accord¬ 
ing  to  the  protocol  supplied  by  the  manufacturer,  and  was  treated  with  DNase 
(Promega)  as  previously  described  (1).  Reverse  transcription  followed  by  PCR 
(RT-PCR)  analyses  were  performed  as  detailed  elsewhere  (11),  using  a  Perkin- 
Elmer  Cetus  thermal  controller.  Amplification  was  for  1  min  at  94°C  [first  cycle, 
3  min],  1  min  at  65°C,  and  1  min  at  72°C  [last  cycle,  6  min],  performed  with  the 
following  primer  pairs:  pair  1,  E3/1522+  (5'-CGGGTCTACGCCTACGTCTTT 
GAACACCGTGCTTC-3')  and  E6/2003-  (5'-CACAGGTCTGAGCAGCGAT 
CCTGCTTGCTG-3');  pair  2,  E3/1522+  and  E5/1917-  (5'-ATGGGTGAAGC 
CTGGGCAGGTG-3');  pair  3,  E3/I522+  and  14/1939-  (5'-GGTTACACTGGC 
GGGCTCC-3');  pair  4,  E3/1522+  and  E4/1797-  (5'-CAGGTCCAGACTAAC 
GTACTGCTGAGCCCCCGCCG-3').  The  primers  were  named  according  to 
their  position  in  the  human  AChE  alternative  coding  sequences  (11,  30)  and 
designated  upstream  (  +  )  or  downstream  (-)  per  their  orientation.  Amplification 
products  (20%)  were  electrophoresed  on  a  2%  agarose  gel  and  UV  photo¬ 
graphed  (320  nm). 

AChE  activity  assays  and  subcellular  fractionations.  AChE  activities  were 
determined  with  a  standard  colorimetric  assay  adapted  to  a  96-well  microtitcr 
plate  (20,  27).  Assays  were  performed  in  0.1  M  phosphate  bufler  (pH  7.4)-0.5 
mM  dithio-bis-nitrobcnzoic  acid-1  mM  acetylthiocholine  substrate  at  room  tem¬ 
perature.  Optical  density  at  405  nm  was  monitored  for  20  min  at  3-  to  5-min 
interv'als, 

Subcellular  fractionation  of  1 -day-old  embryos  into  low-salt  (0.01  M  Tris-HCI 
[pH  7.4],  0.05  M  MgCU,  144  mM  NaCl),  low-salt-detergent  (1%  Triton  X-lOO  in 
0.01  M  Na  phosphate  [pH  7.4J),  and  high-salt  (1  M  NaCl  in  0.01  M  Na  phosphate 
[pH  7.4])  buffers  was  performed  as  previously  described  (27). 

Nondenaturing  gel  electrophoresis.  Electrophoresis  was  performed  in  6% 
polyacrv'lamidc  gels  (32).  Wherever  noted,  0.5%  Triton  X-100  was  included.  The 
gels  were  run  in  the  cold  for  2  to  4  h,  rinsed  two  to  three  times  with  double- 
distilled  water,  and  stained  for  several  hours  or  overnight  for  catalytically  active 
AChE  by  the  thiocholine  method  for  histochemical  staining  of  AChE  developed 
by  Karnovsky  and  Roots  (10)  and  detailed  below. 

Whole-mount  cytochemical  staining.  Two-day-old  Xenopus  embr>'Os  were 
fixed  for  20  min  in  4%  paraformaldehyde  (in  0.6 X  phosphate-buffered  saline 
[PBS]),  rinsed  three  times  with  PBS,  and  transferred  to  a  clean  glass  vial.  Fixed 
embr)'os  were  incubated  in  staining  solution  (0.67  mM  acetylthiocholine,  5  mM 
sodium  citrate,  3  mM  cupric  sulfate,  0.5  mM  potassium  ferricyanide  in  0.1  M 
acetate  buffer  [pH  5.9])  overnight  at  room  temperature  with  gentle  rotation, 
rinsed  several  times  with  PBS,  and  postfixed  with  2.5%  glutaraldehyde  for  1  h. 
The  embryos  were  then  dehydrated  by  successive  transfers  through  30,  50,  70, 
and  100%'  methanol,  mounted  in  Murray’s  clearing  solution  (benzyl  alcohol- 
benzyl  benzoate,  1:2),  and  viewed  under  low  magnification  with  a  Zeiss  stereomi¬ 
croscope.  Clearing  permitted  visualization  of  internal  structures  and  improved 
with  time  up  to  18  to  24  h. 

Electron  microscopy  and  morphometric  analyses.  Histochemical  staining  and 
transmission  electron  microscopy  were  performed  as  previously  described  in 
detail  (1,  27).  Morphometric  analyses  of  NMJs  from  2-day-old  embryos  raised  at 
2EC  were  performed  with  the  SigmaScan  software  (Jandel  Co.,  Berkeley,  Calif.) 
and  an  IBM-compatible  personal  computer. 


RESULTS 

Alternative  mRNAs  dictate  specific  accumulation  of  AChE 
in  muscle  or  epidermis.  To  examine  the  ability  of  alternative 
splicing  to  account  for  tissue-specific  accretion  of  AChE,  in 
vitro-fertilized  Xenopus  eggs  were  microinjected  with  1  ng  of 
ACHE-E6  or  ACHE-I4/E5  DNA  (Fig.  1).  The  resultant  em¬ 
bryos  were  raised  for  2  to  3  days,  fixed,  and  stained  for  cata- 
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FIG.  1.  DNA  constructs.  The  DNA  constructs  employed  in  this  study  are 
presented.  See  Materials  and  Methods  for  details.  SV4(},  simian  virus  40. 


lytically  active  enzyme.  Following  injection  of  ACHE-E6,  en¬ 
coding  the  brain-muscle  form  of  AChE,  2-day-old  tailbud 
embryos  displayed  conspicuous  overexpression  of  AChE  in  the 
developing  myotomes  (Fig.  2,  top  panels).  Myotomal  overex¬ 
pression  was  primarily  observed  as  pronounced  longitudinal 
staining  along  the  plane  of  the  muscle  fibers  between  the  ver¬ 
tical  bands  representing  natural  intersomitic  accumulations  of 
AChE.  With  the  exception  of  brain  tissues,  no  other  tissues 
displayed  consistently  or  prominently  enhanced  staining.  How¬ 
ever,  myotomal  overexpression  of  AChE  was  clearly  mosaic, 
varying  in  intensity  within  and  between  individual  somites. 
Uninjected  control  embryos  displayed  the  characteristic  trans¬ 
verse  staining  along  the  junctions  between  somites  but  only 
faint  staining  within  the  myotomes  (Fig.  2,  top  panels). 

In  contrast  to  the  striking  accumulation  of  ACHE-E6-de- 
rived  AChE  in  myotomes,  we  did  not  observe  any  enhance¬ 
ment  of  staining  in  myotomes  of  embryos  injected  with  ACHE- 
I4/E5.  Rather,  we  noted  pronounced  punctuated  staining  of 
the  epidermis  which  was  never  seen  in  uninjected  embryos 
(Fig.  2,  bottom  panels).  These  differential  staining  patterns 
were  probably  not  due  to  variable  levels  of  AChE  mRNA,  as 
whole-mount  in  situ  hybridization  (9)  revealed  similar  ubiqui¬ 
tous  distributions  of  both  transcripts  (data  not  shown).  Epi¬ 
dermal  staining  could  be  observed  over  the  entire  body  along 
both  the  rostral-caudal  and  dorsal-ventral  axes.  Intersomitic 
staining  was  unaffected  by  overexpression  of  ACHE-I4/E5.  Al¬ 
though  limited  epidermal  staining  was  occasionally  observed  in 
ACHE-E6-injected  embryos,  this  phenomenon  appeared  re¬ 
stricted  to  sites  of  particularly  high  myotomal  expression  and 
was  considerably  less  well  defined  (Fig.  2,  bottom  panels). 
These  observations  indicated  that  AChE  derived  from 
ACHE-E6  DNA  was  specifically  accumulated  in  muscle, 
whereas  AChE  derived  from  ACHE-I4/E5  was  accumulated  in 
the  epidermis. 

ACHE-I4/E5  is  excluded  from  the  NMJ  localization  charac¬ 
teristic  of  ACHE-E6  and  plays  no  role  in  NMJ  development. 

Electron  microscopic  analysis  of  myotomes  stained  for  catalyt¬ 
ically  active  AChE  revealed  conspicuous  overexpression  of  en¬ 
zyme  in  NMJs  of  ACHE-E6-injected  embryos  and  correlated 
overexpression  with  alterations  in  synaptic  ultrastructure  (27). 
To  finely  examine  the  potential  for  ACHE-I4/E5 -derived 
AChE  to  be  similarly  localized,  we  performed  morphometric 
analyses  of  cross  sections  from  a  series  of  stained  NMJs  from 
DNA-injected  or  control  uninjected  embryos  (Fig.  3A  through 
C).  The  average  AChE-stained  cross-sectional  area  of  NMJs 
from  ACHE-E6-injected  embryos  reached  three  or  four  times 
that  observed  in  NMJs  from  uninjected  embryos  (0.33  ±  0.29 
|jLm"  versus  0.08  ±  0.09  |uLm“).  In  contrast,  the  average  stained 
area  of  NMJs  from  embryos  injected  with  ACHE-I4/E5  (0.14 
±  0.03  |JLm^)  displayed  only  a  minor  increase  compared  with 
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FIG.  2.  Alternative  AChE  mRNAs  dictate  tissue-specific  accumulation  of  AChE.  DNA-injected  or  control  uninjected  Xenopus  embryos  were  raised  for  2  days  at 
19°C.  fixed,  stained  for  catalytically  active  AChE,  and  examined  in  whole  mount  as  described  in  Materials  and  Methods.  Schematic  representations  of  the  microinjected 
DNAs  which  gave  rise  to  the  staining  pattern  exhibited  in  each  micrograph  are  shown  (see  Fig.  1).  (M)  Micrographs  taken  at  the  inner  focal  depth  of  muscle;  (E) 
micrographs  taken  at  the  higher  focal  depth  of  epidermis.  (M  [left])  Midtrunk  myotomes  from  ACHE-I4/E5-injected  embryo.  Note,  in  addition  to  the  natural 
intersomitic  vertical  bands  of  brown  stain  indicating  sites  of  AChE  activity,  dark — almost  black — horizontal  bands  of  staining  parallel  to  the  plane  of  the  myotomal 
muscle  fibers.  This  type  of  longitudinal  staining,  although  variable  in  intensity  along  the  body  and  between  embryos,  was  observed  exclusively  in  ACFIE-E6-expressing 
embryos  and  served  as  an  unequivocal  marker  for  overexpression  from  this  plasmid.  (M  [center])  Midbody  view  of  uninjected  control  embryo.  Note  the  accumulation 
of  reaction  product  at  the  junctions  flanking  the  individual  somites  and  the  very  light  staining  along  the  horizontal  plane  of  the  muscle  fibers.  (M  [right])  Faintly  stained 
myotomes  from  ACHE-I4/E5-injected  embryo.  Note  that  staining  is  considerably  lighter  than  in  control,  uninjected  embryos.  (E  [left])  Unlabeled  epidermis  of 
ACHE-E6-injected  embryo.  When  photographed  at  the  higher  focal  depth  of  the  epidermis,  ACHE-E6  embryos  displayed  faint  reflections  of  the  deeper  muscle  stain 
whereas  no  stainable  enzyme  could  be  detected  in  epidermis.  (E  [center])  Unlabeled  epidermis  of  control  embryo.  Focusing  on  epidermis,  uninjected  control  embryos 
revealed  no  epidermal  stain.  Faint  staining  of  myotomes  below  could  be  observed.  (E  [right])  ACF[E-I4/E5-expressing  embryo  displaying  punctuated  epidermal  staining. 
The  plane  of  focus  is  slightly  higher  than  that  in  the  upper  panels.  Note  the  irregular  spotted  appearance  of  the  skin  resulting  from  ACHE-I4/E5  overexpression  and 
the  complete  absence  of  enhanced  staining  in  the  myotomes. 
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that  for  the  controls.  Transverse  sections  of  myofibers  dis¬ 
played  a  parallel  pattern  of  highly  intensified  staining  in  myo¬ 
tomes  of  ACHE-E6-injected  embryos  compared  with  both 
ACHE-I4/E5-injected  and  uninjected  controls  (Fig.  3D 
through  F).  A  twofold  increase  in  mean  postsynaptic  mem¬ 
brane  length  was  associated  with  ACHE-E6-mediated  overex¬ 
pression  compared  with  that  for  the  controls  (3.8  ±  2.1  jxm 
versus  2.2  ±  1.3  pim).  In  contrast,  the  average  postsynaptic 
length  observed  in  ACHE-I4/E5 -injected  embryos  (1.9  ±  0.2 
fxm)  was  approximately  the  same  as  that  for  the  controls. 

At  least  40%  of  NMJs  from  uninjected  and  ACHE-I4/E5- 
injected  embryos  displayed  postsynaptic  lengths  less  than  3 
|ULm.  In  contrast,  these  small  synapses  were  not  observed  in 
ACHE-E6-injected  embryos  (Fig.  4).  Rather,  a  class  of  large 
NMJs  (>4  \xm)  rarely  observed  in  control  or  ACHE-I4/E5- 
injected  embryos  dominated  in  those  transgenic  for  ACHE-E6. 
When  the  AChE-stained  area  was  calculated  as  a  function  of 
postsynaptic  length,  ACHE- I4/E5 -injected  and  control  unin¬ 
jected  embryos  displayed  a  similar,  constant  relationship  be¬ 


tween  these  parameters,  whereas  ACHE-E6-injected  embryos 
displayed  a  higher  ratio  for  all  length  categories  (Fig.  4).  Thus, 
there  appeared  to  be  a  causal  correlation  between  AChE  over¬ 
expression  in  muscle  and  enhanced  postsynaptic  length  in  in¬ 
dividual  synapses,  confirmed  by  the  lack  of  effect  by  ACHE- 
I4/E5.  Together,  these  observations  imply  a  specific  role  for  the 
E6  exon  in  localizing  AChE  to  NMJs  and  demonstrate  that  the 
effects  of  AChE  overexpression  on  NMJ  biogenesis  are  depen¬ 
dent  on  the  muscle  localization  of  the  enzyme. 

The  I4/E5  domain  directs  AChE  accumulation  in  ciliated 
epidermal  cells  and  its  excretion.  To  study  the  cellular  and 
subcellular  distribution  of  overexpressed  AChE  in  epidermal 
cells  from  embryos  injected  with  ACHE-I4/E5,  we  examined 
epidermis  from  cytochemically  stained  embryos  by  electron 
microscopy.  Two  types  of  cells  were  labelled  by  the  electron- 
dense  crystals  of  the  AChE  reaction  product:  (i)  ciliated  cells 
derived  from  the  inner,  sensorial,  epidermal  layer  and  (ii) 
mucus-discharging  secretory  cells  (Fig.  5)  (2).  There  were 
many  fewer  ciliated  cells  than  secretory  cells.  Yet,  the  inci- 
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FIG.  3.  I4/E5 -derived  AChE,  unlike  ACHE-E6,  is  excluded  from  NMJs.  Two-day-old  DNA-injected  and  control  uninjected  Xenopus  embryos  raised  at  19®C  were 
cytochemically  stained  for  catalytically  active  AChE  and  examined  by  electron  microscopy  as  described  in  Materials  and  Methods.  Note  the  significantly  enhanced 
staining,  observed  as  dark  electron-dense  deposits,  and  increased  size  displayed  by  NMJs  from  ACHE-E6-injected  embryos  (B)  as  compared  with  those  from  control 
(A)  and  ACHE-I4/E5-injected  (C)  embryos.  Shown  are  transverse  sections  of  myofibers  from  control  (D),  ACHE-E6-injected  (E),  and  ACHE-I4/E5-injected  (F) 
embi^'os;  note  the  correlation  between  myotomal  and  synaptic  levels  of  expression.  T,  nerve  terminal;  M,  muscle  cell.  For  an  explanation  of  the  schematic  diagrams, 
see  Fig.  1.  Bar  =  1  pm. 
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Post  Synaptic  Length,  pm 

FIG.  4.  ACHE-E6  but  not  ACHE-I4/E5  promotes  NMJ  maturation.  Ratios 
of  AChE-stained  area  to  postsynaptic  length  as  a  function  of  length  are  pre¬ 
sented  for  cross  sections  from  at  least  14  individual  NMJs  from  embryos  injected 
with  ACHE-E6  (middle  panel)  or  ACHE-I4/E5  (lower  panel)  and  raised  for  2 
days  at  2rC  as  compared  with  controls  (upper  panel).  The  solid  line  represents 
the  best-fit  line  through  the  datum  points,  and  the  arrows  designate  the  mean 
postsynaptic  length  for  each  microinjection  group.  Note  the  rightward  shift 
toward  larger  NMJs  in  embryos  injected  with  ACHE-E6  compared  with  those 
found  in  ACHE-I4/E5-injected  and  control  embryos.  For  an  explanation  of  the 
schematic  diagrams,  see  Fig.  1. 


dence  and  intensity  of  staining  were  higher  among  the  ciliated 
cells,  with  some  displaying  massive  apical  accumulations  of 
reaction  product  (Fig.  5).  This  irregular  mosaic  of  heavily 
stained  cells  corresponded  well  to  the  punctuated  array  of 
stained  cells  observed  in  whole-mount  embryos  (Fig.  2).  In 
uninjected  control  and  ACHE-E6-injected  embryos,  both 
types  of  epidermal  cells  displayed  scant  staining,  if  any  (Fig. 
5B,  D,  and  F  and  data  not  shown). 

Ciliated  cells  were  characterized,  in  addition  to  their  cilia,  by 
their  dense  cytoplasm,  rich  accumulation  of  mitochondria,  and 
the  presence  of  numerous  small  vesicles,  most  of  which  were 
filled  with  reaction  product  in  stained  cells  (Fig.  5).  Crystals  of 
reaction  product  were  also  observed,  however,  in  the  cyto¬ 
plasm  and  increased  in  size  and  density  in  a  graded  fashion 
toward  the  apex.  In  contrast,  secretory  cells  were  identified  on 
the  basis  of  their  large,  distinctive,  chondroitin-laden  secretory 
vesicles  (Fig.  5)  (21),  some  of  which  appeared  to  be  fused  to 
the  plasma  membrane  (data  not  shown).  In  labelled  secretory 
cells  from  ACHE-I4/E5-injected  embryos,  up  to  20%  of  the 
vesicles  stained  positively  for  AChE.  However,  only  an  occa¬ 
sional  crystal  of  reaction  product  could  be  observed  in  vesicles 
from  uninjected  or  ACHE-E6-injected  embryos  (Fig.  5  and 
data  not  shown).  No  gross  morphological  features  distin¬ 
guished  stained  cells  or  vesicles  in  ACHE-I4/E5 -injected  em¬ 
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bryos  from  unstained  ones  or  from  those  observed  in  control  or 
ACHE-E6-injected  embryos. 

The  observation  that  mature  secretory  vesicles  in  epidermis 
of  ACHE-I4/E5-injected  embryos  stained  positively  for  AChE 
suggested  that  this  enzyme  form  may  be  secreted  along  with 
the  mucus  naturally  contained  within  these  vesicles.  To  deter¬ 
mine  whether  AChE  was  being  excreted  from  the  body, 
healthy  neurula-stage  embryos  either  injected  with  vector  or 
uninjected  were  incubated  overnight  and  the  AChE  activity 
found  in  the  medium  was  compared  with  that  measured  in 
total  homogenates.  Only  incubation  medium  from  embryos 
injected  with  ACHE-I4/E5  DNA  displayed  significant  AChE 
activity,  representing  up  to  40%  of  the  total  measured  activity 
(Fig.  6).  Together,  these  observations  indicated  that  a  property 
or  properties  intrinsic  to  the  I4/E5 -terminal  exon  confer(s)  a 
signal  for  epidermal  accumulation,  polarized  subcellular  trans¬ 
port,  and  excretion  of  AChE.  Transfection  studies  with  cul¬ 
tured  glioma  cells  later  revealed  that  secretion  of  the  ACHE- 
I4/E5  product  is  a  general  phenomenon  (Ha). 

Epidermal  excretion  is  associated  with  readthrough  AChE 
mRNA.  Microinjected  Xenopus  embryos  have  been  shown  to 
correctly  splice  intron  II  from  a  human  AChE  promoter-re- 
porter  construct  to  produce  catalytically  active  AChE  (1). 
ACHE-I4/E5  potentially  leads  to  both  the  mRNA  encoding 
the  erythrocyte  GPI-linked  AChE,  by  splicing  out  of  intron  14, 
and/or  the  complete  readthrough  mRNA  in  which  the  invari¬ 
ant  exons  continue  directly  from  exon  E4  into  intron  14  and 
through  it  into  exon  E5  (11)  (Fig.  7A).  To  determine  which 
AChE  mRNA(s)  was  produced  in  our  Xenopus  embryos,  we 
subjected  total  RNA  extracted  from  1 -day-old  ACHE-E6-  or 
ACHE-I4/E5-injected  embryos  to  RT-PCR  with  E4-,  I4-,  E5-, 
or  E6-specific  primers  (Fig.  7A  and  see  Materials  and  Meth¬ 
ods).  When  an  E6-specific  primer  pair  was  employed  to  ana¬ 
lyze  RNA  from  ACHE-E6-injected  gastrulae,  the  expected 
482-bp  fragment  representing  full-length  ACHE-E6  mRNA 
was  reproducibly  observed  (Fig.  7B).  When  RNA  from  ACHE- 
I4/E5-injected  embryos  was  subjected  to  RT-PCR,  both  the 
invariant  exon  E4  and  the  intronic  sequence  14  were  detected. 
However,  the  E5-specific  primer  pair  repeatedly  failed  to  gen¬ 
erate  either  the  479-bp  fragment  representing  the  full-length 
readthrough  mRNA  or  the  399-bp  fragment  representing 
spliced  E5-bearing  mRNA  (Fig.  7B).  A  parallel  reaction  using 
control  plasmid  DNA  and  the  identical  E5 -specific  primers  did 
yield  the  479-bp  band,  however,  validating  the  efficacy  of  this 
primer  pair  (Fig.  7B).  Moreover,  this  same  primer  pair  has 
been  successfully  utilized  to  detect  native  E5-carrying  mRNAs 
in  human  tissues  and  transfected  mammalian  cells  (11,  11a). 
These  data  therefore  indicated  that  the  recombinant  human 
AChE  activity  induced  by  ACHE-E6  reflected  the  complete 
brain-muscle  form  of  AChE,  whereas  heterologous  AChE  ac¬ 
tivity  produced  in  Xenopus  embryos  from  ACHE-I4/E5  was 
derived  from  a  readthrough  AChE  mRNA  which  was,  at  least 
partially,  truncated.  This,  together  with  the  stop  codon  in¬ 
cluded  in  14,  implied  that  the  polypeptide  encoded  by  ACHE- 
I4/E5-derived  mRNA  in  Xenopus  embryos  could  display  bio¬ 
chemical  characteristics  distinct  from  both  brain-muscle  and 
erythrocyte  AChEs. 

Unique  properties  of  ACHE-I4/E5-derived  AChE.  Microin¬ 
jection  of  1  ng  of  ACHE-E6  DNA  induces  transiently  high 
levels  of  catalytically  active  recombinant  human  AChE  in  Xe¬ 
nopus  embryos  (27).  When  ACHE-I4/E5  was  introduced  into 
1-  to  2-cell  cleaving  embryos,  equivalent  levels  and  a  similarly 
transient  pattern  of  heterologous  overexpression  were  ob¬ 
served,  peaking  at  days  1  to  2  postfertilization  and  receding  at 
day  4  or  5  (Fig.  8A).  Overall,  development  of  injected  embryos 
appeared  normal  through  gastrulation,  neurulation,  hatching. 
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FIG.  5.  ACHE-I4/E5-induced  AChE  accumulates  in  epidermal  cells.  Three-day-old  DNA-injected  and  control  uninjected  Xenopiis  embryos  raised  at  19°C  were 
fixed  and  stained  for  catalytically  active  AChE  as  described  in  Materials  and  Methods,  except  that  the  electron  micrographs  shown  in  panels  A  through  D  were  taken 
after  extending  the  staining  reaction  for  2  h.  (A  and  B)  Low-magnification  image  of  ciliated  (CC)  and  secretory  (SC)  cells  of  Xenopiis  epidermis  from  ACHE-I4/E5- 
injected  (A)  and  control  (B)  embrv'os.  Note  the  massive  accumulation  of  crystalline  electron-dense  reaction  product  at  the  apex  of  the  CC  from  an  ACHE-I4/E5-injected 
embryo.  Cilia  are  not  visible  at  this  depth.  MV,  secretory  mucous  vesicles;  PG,  pigment  granules;  V,  vesicles;  Y,  yolk.  (C  and  D)  High-magnification  image  of  the  apical 
ridge  of  a  ciliated  epidermal  cell  from  ACHE-I4/E5-injected  (C)  and  control,  uninjected  (D)  embryos.  Note  the  appearance  of  crystals  both  within  V  (arrows)  and  within 
the  cytoplasm  of  the  injected  embryo.  (E  and  F)  High-magnification  image  of  MV  from  ACHE-I4/E5-injected  (E)  and  control,  uninjected  (F)  embryos.  Note  that  only 
MV  from  the  ACHE-I4/E5-injected  embryo  demonstrate  accumulation  of  reaction  product  in  exocytotic  vesicles  adjacent  to  the  external  cell  membrane. 
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E6  I4/E5  Uninj 


FIG.  6.  ACHE-I4/E5  but  not  ACHE-E6  is  excreted  into  the  external  me¬ 
dium.  Fractions  of  total  recovered  AChE  activity  (medium  plus  whole-cell  ex¬ 
tract)  in  the  external  growth  medium  are  presented  for  20  DNA-injected  (E6  and 
I4/E5)  or  control  (Uninj)  embryos  following  incubation  of  neurula-stage  embryos 
overnight  (day  l^day  2)  in  fresh  buffer.  Note  that  only  embryos  expressing 
ACHE-I4/E5  DNA  displayed  significant  secretion  of  AChE  into  the  surrounding 
medium.  For  an  explanation  of  the  schematic  diagrams,  see  Fig.  1. 


and  the  acquisition  of  motor  function.  Although  mock  injec¬ 
tions  indicated  that  microinjection  may  slightly  retard  growth 
and  the  accumulation  of  endogenous  AChE  (data  not  shown), 
quantitative  RT-PCR  performed  with  primers  specific  for 
XmyoD  (8)  and  Xenopus  GATA-2  (34)  indicated  that  no 
global  changes  occurred  in  the  levels  of  endogenous  RNAs 
encoding  these  myogenesis-  and  hematopoiesis-promoting 
proteins  in  AChE  DNA-injected  embryos  (data  not  shown). 

To  compare  the  hydrodynamic  properties  of  the  recombi¬ 
nant  human  enzymes,  we  performed  sequential  extractions  of 
gastrula-stage  embryos  into  low-salt,  low-salt-detergent,  and 
high-salt  buffers.  AChE  activity  from  embryos  injected  with 
ACHE-E6  DNA  consistently  partitioned  into  both  the  low-salt 
(55%)  and  low-salt-detergent  (35%)  fractions.  In  contrast, 
activity  from  embryos  injected  with  ACHE-I4/E5  was  85  to 
90%  solubilized  in  the  low-salt  step  (Fig.  8B).  In  sucrose  den¬ 
sity  gradient  centrifugation,  a  single  peak  between  3  and  4  S 
was  observed  for  the  ACHE-E6-  and  ACHE- I4/E5 -derived 
enzymes,  both  of  which  cosedimented  with  the  clearly  mono¬ 
meric  recombinant  enzyme  produced  in  bacteria  (reference  27 
and  data  not  shown).  This  is  consistent  with  a  monomeric 
configuration  for  the  cell-associated  recombinant  molecules. 
However,  by  nondenaturing  polyacrylamide  gel  electrophore¬ 
sis,  catalytically  active  AChE  from  ACHE-I4/E5-injected  em¬ 
bryos  migrated  significantly  faster  than  the  bands  representing 
either  recombinant  human  AChE  from  ACHE-E6-injected 
embryos  or  native  AChE  from  human  brain  or  erythrocytes 
(Fig.  8C).  When  electrophoresis  was  performed  in  the  absence 
of  detergent,  no  significant  shift  in  the  migration  of  ACHE-14/ 
E5-derived  bands  was  observed,  suggesting  that  this  molecule 
represented  a  nonhydrophobic  AChE  species  (Fig.  8C). 

DISCUSSION 

In  transiently  transgenic  X.  laevis  embryos,  AChE  mRNA 
bearing  the  alternative  3'  exon  E6  induced  specific  accumula¬ 
tion  of  human  AChE  in  muscle  and  NMJs  and  enhanced  NMJ 
development.  Replacement  of  E6  with  an  in-frame  pseudoin- 
tronic  sequence  of  similar  size  directed  production  of  equal 
amounts  of  a  soluble  enzyme  species  that  was  amassed  in 
epidermal  cells  and  excreted  into  the  external  culture  medium 
and  which  was  not  incorporated  into  muscle  or  NMJs  and  did 
not  affect  their  development.  These  observations  suggest  that 
the  3 '-terminal  exons  encoding  the  various  AChE  subtypes 
played  indispensable  roles  in  their  NMJ  or  epidermal  localiza¬ 
tion. 
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FIG.  7.  Epidermal  expression  of  ACHE-I4/E5  is  associated  with  presence  of 
a  3 '-truncated  readthrough  mRNA.  (A)  Schematic  representation  of  possible 
AChE  mRNA  products.  Schemes  present  ACHE-E6  (upper)  and  ACHE-I4/E5 
(lower)  mRNA;  14  (indicated  by  dashed  triangle)  may  be  spliced  out  of  the 
primary  ACHE-I4/E5  transcript  or  retained  in  the  mature  mRNA.  The  expected 
product  lengths  of  PCR  primer  pairs  1  through  4  (see  Materials  and  Methods) 
are  indicated  to  the  left  of  the  arrows.  (B)  RT-PCR.  RT-PCR  was  performed  on 
total  RNA  from  l-6ay-o\d  Xenopus  embryos  injected  with  the  ACHE-E6  (E6)  or 
ACHE-I4/E5  (I4/E5)  DNA  constructs.  Uninjected  embryos  (U)  served  as  the 
control.  PCR  products  were  electrophoresed  as  previously  described  (1),  and 
their  lengths  were  evaluated  by  markers  (M)  of  known  size.  PCR  analysis  of 
DNA  performed  with  the  ACHE-I4/E5  DNA  construct  (I4/E5  DNA)  confirmed 
the  ability  of  primer  pair  no.  2  to  yield  a  PCR  product.  Control  reactions,  without 
RT,  did  not  yield  amplification  products,  proving  the  absence  of  contaminating 
DNA  sequences  (data  not  shown). 


Differential  posttranscriptional  management  of  alternative 
AChE  forms.  The  native  human  AChE  promoter  includes  con¬ 
sensus  recognition  sites  for  transcription  factors  indicative  of 
tissue-specific  regulation  of  transcription  (1).  However,  the 
CMV  promoter  used  to  direct  the  expression  of  AChE  in  X. 
laevis  is  pan-active  (26),  and  our  in  situ  hybridization  suggests 
that  it  is  expressed  in  the  embryos  in  a  nonspecific  manner 
relatively  early  in  development.  This  would  explain  the  high 
levels  of  heterologous  enzyme  observed  at  the  gastrula  stage 
(day  1).  Thus,  the  tissue-specific  accumulation  of  alternative 
heterologous  AChEs  reflects  differential  posttranscriptional  or 
posttranslational  management  of  their  respective  RNA  and/or 
protein  products.  Stabilization  of  AChE  mRNA  was  recently 
shown  to  account  for  the  increased  AChE  activity  accompany¬ 
ing  differentiation  of  cultured  myoblasts  (7).  Our  present  ob¬ 
servations  add  differential  stability  of  alternative  AChE 
polypeptides  as  a  potential  factor  in  the  tissue-specific  accu¬ 
mulation  of  these  AChE  forms. 

In  vivo,  AChE  is  subject  to  tissue-specific  and  developmen- 
tally  regulated  posttranscriptional  and  posttranslational  pro¬ 
cessing,  which  gives  rise  to  a  complex  array  of  molecular  forms 
varying  in  their  extents  of  oligomeric  assembly,  association 
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FIG.  8.  ACHE-I4/E5  expression  yields  a  soluble,  hydrophilic  enzyme  with  fast  electrophoretic  mobility.  (A)  Transient  expression.  Cleaving  embryos  (1  to  2  cells) 
injected  with  approximately  1  ng  of  ACHE-I4/E5  DNA  under  control  of  the  CMV  promoter  were  grown  for  1  to  4  days  at  20°C.  Homogenates  were  assayed  for 
acetylthiocholine  hydrolyzing  activity.  The  columns  represent  total  AChE  activity  measured  in  DNA-injected  embryos.  The  squares  (0)  represent  endogenous  AChE 
activity  measured  in  age -matched  control  uninjected  embryos.  Note  the  developmentally  regulated  increase  in  endogenous  AChE  levels  and  the  concomitant  decline 
in  the  relative  extent  of  overexpression  from  days  1  to  4.  The  data  represent  averages  of  three  separate  groups  of  four  embryos  from  a  single  microinjection  experiment. 
(B)  Differential  solubility.  Sequential  extractions  of  10  1-day-old  DNA-injected  embryos  into  low-salt-soluble  (LSS),  low-sal t-detergent-soluble  (DS),  and  high-salt- 
soluble  (HSS)  fractions  were  performed  as  described  in  Materials  and  Methods.  The  columns  represent  the  relative  fractions  of  the  total  summed  activities  extracted 
at  each  step  for  a  single  representative  experiment.  Endogenous  Xenopiis  AChE  activities  were  considered  negligible  and  were  ignored.  Note  the  predominantly 
low-salt-soluble  nature  of  the  ACHE-I4/E5  (I4/E5)  product(s)  as  compared  with  that  of  the  recombinant  human  AChE  as  encoded  by  ACHE-E6  (E6).  (C)  Distinct 
electrophoretic  mobility  of  alternative  AChEs.  Nondenaturing  gel  electrophoresis  was  performed  as  described  in  Materials  and  Methods  in  the  presence  or  absence 
of  0.5%  Triton  X-100.  Lanes  1  and  2,  ACHE-E6-  and  ACHE-I4/E5-derived  products,  respectively,  as  expressed  mXenopus  embryos  (1  day  postfertilization);  lane  3, 
purified  human  erythrocyte  AChE;  lanes  4  and  5,  recombinant  human  AChE-E6  (E6)  as  expressed  in  human  293  cells  and  E.  coli,  respectively.  Note  that  the 
ACHE-I4/E5  (I4/E5)  product(s)  migrates  significantly  faster  than  all  the  other  AChE  forms  both  in  the  presence  and  in  the  absence  of  detergent.  No  band  representing 
endogenous  Xenopiis  AChE  could  be  detected  at  this  time  point.  The  smearing  of  activity  in  lane  3  of  the  no-detergent  (-)  gels  probably  represents  aggregation  of 
the  hydrophobic  GPI-linked  AChE  erythrocyte  dimer  in  the  absence  of  Triton  X-100.  For  an  explanation  of  the  schematic  diagrams  in  panels  A  and  B,  see  Fig.  1. 


with  noncatalytic  subunits,  hydrodynamic  properties,  and  sites 
of  subcellular  localization  (17).  One  level  at  which  this  diversity 
is  controlled  appears  to  be  alternative  splicing  of  3’  exons  (11, 
15,  28).  Transfections  of  AChE-coding  sequences  into  mam¬ 
malian  cells  indicated  that  alternative  splicing  alone  could  ac¬ 
count  for  these  multiple  molecular  forms  of  AChE  (5,  12,  14, 
16).  Our  results  extend  these  conclusions  by  demonstrating 
that  alternative  splicing  may  dictate  the  final  complement  of 
specific  AChE  catalytic  subunits  available  to  particular  cell 
types  through  selective  management  of  specific  AChE  mRNAs 
and  AChE  polypeptides.  Translated  or  nontranslated  AChE 
mRNA,  stable  or  unstable  AChE  mRNA,  or  polypeptides  may 
dictate  the  final  complement  of  specific  AChE  catalytic  sub¬ 
units  expressed  in  particular  cell  types. 

3^  exon  E6  defines  an  indispensable  motif  for  synaptic  ac¬ 
cumulation  of  AChE.  Compartmentalized  biosynthesis  of  the 


nicotinic  acetylcholine  receptor  (reference  18  and  reviewed  in 
reference  4)  as  well  as  other  NMJ  proteins  (22,  24)  suggests 
that  an  intricate  network  of  factors  are  at  work  to  produce  and 
localize  NMJ  proteins  around  junctional  regions  prior  to  their 
active  accumulation  at  the  NMJ.  This  network  could  poten¬ 
tially  include  cw-acting  elements  intrinsic  to  the  mRNA  or 
primary  amino  acid  sequences  of  NMJ-targeted  proteins  as 
well  as  trans -diCiing  cellular  components  capable  of  anchoring 
or  translocating  these  molecules  within  the  muscle.  An  exam¬ 
ple  of  a  tmns-diCXmg  factor  controlling  the  translocation  and 
subcellular  anchoring  of  specific  mRNAs  is  the  69-kDa  protein 
associated  with  the  developmentally  regulated  accumulation  of 
two  vegetal  mRNAs  in  Xenopus  oocytes  (23).  Our  present 
findings  demonstrate  that  the  transiently  transgenic  embryos  of 
X.  laevis  can  be  further  employed  to  search  for  cis-  and  trans- 
acting  factors  controlling  the  management  of  proteins  from 
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heterologous  species.  Recent  work  demonstrating  the  spatially 
restricted  biosynthesis  of  AChE  in  avian  muscle  predicts  the 
existence  of  localized  cellular  factors  recognizing  AChE  and/or 
its  encoding  mRNA  (9).  In  the  present  study,  we  observed  that 
exon  E6  and/or  its  encoded  peptide  participate  in  forming  a 
recognition  signal(s)  through  which  such  putative  cellular  ele¬ 
ments  might  mediate  accumulation  and  subcellular  localiza¬ 
tion  of  AChE.  Search  of  the  Genetics  Computer  Group  data 
bank  did  not  reveal  significant  homologies  between  the  E6- 
encoded  peptide  and  any  protein  except  the  related  acetylcho¬ 
line-hydrolyzing  enzyme  butyrylcholinesterase.  However,  it  is 
interesting  that  this  enzyme,  which  has  high  homology  (56%) 
to  AChE  in  the  corresponding  C-terminal  domain,  also  accu¬ 
mulated  in  NMJs  of  microinjected  Xenopus  embryos  (refer¬ 
ence  29  and  unpublished  observations).  Moreover,  both  these 
enzymes  are  also  found  in  brain  nerve-nerve  synapses  (29). 
Thus,  our  findings  suggest  that  exon  E6  defines  a  conserved 
motif  for  muscle  accumulation  and  trafficking  of  cholinester¬ 
ases  into  synapses  but  not  necessarily  a  general  signal  for 
targeting  proteins  to  NMJs.  Further  experiments  will  be  re¬ 
quired  to  determine  whether  E6  is  sufficient  to  direct  synaptic 
accumulation  of  unrelated  proteins  to  the  NMJ  as  well. 

A  novel  I4/E5-derived  readthrough  form  of  human  AChE. 
An  mRNA  representing  the  14  readthrough  transcript  in 
mouse  tissues  was  reported  but  is  considered  absent  in  human 
cells.  This  difference  was  attributed  to  an  inherent  property  of 
the  human  AChE  nucleotide  sequence  (16).  Nonetheless,  we 
have  recently  observed,  using  RT-PCR  and  14-specific  primers, 
mRNA  carrying  the  retained  14  sequence,  in  addition  to  E5 
and  E6,  in  several  tumor  cell  lines  of  human  origin  (11)  as  well 
as  in  numerous  mouse  tissues  (data  not  shown).  That  study  did 
not,  however,  reveal  whether  this  mRNA  species  is  translated 
into  protein  and  what  the  properties  of  the  putative  human 
readthrough  AChE  might  be.  In  the  present  work,  RT-PCR 
indicated  the  presence  of  a  potentially  truncated  readthrough 
mRNA  derived  from  ACHE-I4/E5  in  microinjected  Xenopus 
embryos.  The  protein  translated  from  this  readthrough  RNA 
would  lack  the  cleavable  hydrophobic  E5  stretch,  precluding 
GPI  linkage  and  leaving  the  relatively  hydrophilic  I4-encoded 
peptide.  This  could  explain  the  high  solubility  of  catalytically 
active  AChE  derived  from  ACHE-I4/E5  DNA. 

When  DNA  encoding  the  mouse  readthrough  mRNA, 
where  a  nonsense  codon  appears  40  nucleotides  downstream 
of  the  E4/I4  boundary,  was  expressed  in  COS  cells,  97%  of  the 
total  activity  was  soluble  and  secreted  into  the  culture  medium 
(16).  The  present  study  suggests  that  a  truncated  human 
readthrough  AChE  mRNA  might  also  be  translatable,  giving 
rise  to  a  catalytically  active,  nonmuscle,  secretory  form  of 
AChE  in  X.  laevis.  However,  the  overall  timing  and  levels  of 
ACHE-I4/E5  expression  in  the  embryos  as  assessed  in  total 
homogenates  indicate  generally  similar  stability  of  its  mRNA 
and  protein  product  as  compared  with  those  derived  from 
ACHE-E6.  Therefore,  these  observations  may  offer  the  first 
indications  for  the  existence  of  yet  another  stable  human 
AChE  subtype  representing  the  common  exons  E2,  E3,  and  E4 
and  the  pseudointron  14. 

The  human  readthrough  AChE  mRNA  (11)  carries  a  9-nu¬ 
cleotide  sequence  (5'-ACCTGCCCA-3')  beginning  18  nucle¬ 
otides  downstream  of  the  I4/E5  boundary  that  is  identical  (in  8 
of  9  bp)  to  that  contained  within  a  19-bp  consensus  mRNA- 
destabilizing  site  (3).  This  sequence  mediates  endonucleolytic 
cleavage  of  RNA  in  X.  laevis  and  Drosophila  melanogaster  and 
could  explain  the  appearance  of  a  truncated  RNA.  Indeed, 
when  DNA  encoding  GPI-linked  Drosophila  AChE  was  ex¬ 
pressed  in  microinjected  Xenopus  oocytes,  a  hydrophobic,  but 
nonglypiated,  membrane-associated  enzyme  was  obtained. 
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However,  deletion  of  the  sequence  encoding  the  27-amino- 
acid  hydrophobic  C-terminal  peptide  yielded  a  soluble,  se¬ 
creted  AChE  (6).  Experiments  to  determine  the  precise  3' 
and/or  C-terminal  limit  of  ACHE-I4/I5 -derived  mRNA  and  its 
polypeptide  product  are  currently  in  progress. 

Secretory  AChE-I4/E5  may  reflect  an  in  vivo  entity.  It  is  yet 
uncertain  whether  generation  of  the  unusual  ACHE-I4/E5- 
derived  protein  and  its  accumulation  in  epidermis  reflect  nat¬ 
ural  events  in  the  biosynthesis  of  human  AChE  or  an  anoma¬ 
lous  expression  pattern  for  this  AChE  in  X.  laevis.  However, 
the  putative  AChE  generated  from  ACHE-I4/E5  in  X.  laevis  is 
catalytically  indistinguishable  from  the  ACHE-E6-derived  en¬ 
zyme  (26a)  and  should  be  very  close  in  size  to  the  583-amino- 
acid  brain-muscle  form.  Therefore,  the  presence  of  such  a 
discrete  molecule  in  native  human  tissues  would  be  difficult  to 
detect  and  might  easily  go  unnoticed.  Moreover,  a  soluble 
AChE  form  with  a  distinct  migration  profile  in  isoelectric  fo¬ 
cussing  was  observed  in  the  cerebrospinal  fluid  of  patients  with 
Alzheimer’s  disease  (19),  and  soluble  AChE  monomers  were 
reported  in  the  serum  of  patients  with  carcinomas  (33).  Thus, 
the  distinct  migration  of  the  short  readthrough  AChE  derived 
from  ACHE-I4/E5  in  nondenaturing  gel  electrophoresis  may 
provide  a  tool  to  search  for  a  naturally  occurring  form  of  this 
enzyme  species  in  humans. 

In  conclusion,  we  have  used  microinjected  Xenopus  embryos 
for  transgenic  overexpression  of  DNA  constructs  encoding 
variable  C-terminal  alternative  forms  of  AChE.  We  established 
an  NMJ-accumulating  role  for  the  3'  exon  E6  and  observed 
epidermal  expression  and  active  secretion  for  human  AChE 
encoded  by  a  construct  carrying  the  alternative  3'  region,  14/ 
E5.  ACHE-I4/E5  displayed  hydrophilic  properties  and  fast 
electrophoretic  migration,  reminiscent  of  a  human  AChE  form 
reported  in  Alzheimer’s  disease.  It  was  further  excluded  from 
muscle  and  NMJ  structures  and,  in  contrast  with  ACHE-E6, 
did  not  enhance  NMJ  development.  These  findings  demon¬ 
strate  that  alternative  3'  exons  in  the  AChE  gene  specify  dis¬ 
tinct  tissue-recognizable  signals  and  suggest  the  use  of  tran¬ 
siently  transgenic  Xenopus  embryos  for  disclosing  cell  type 
specificities  and  biological  roles  of  gene  products  from  heter¬ 
ologous  species. 
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Summary  -  The  acetylcholine  hydrolysing  cholinesterases  control  the  termination  of  cholinergic  signalling  in  multiple 
tissues  and  are  targets  for  a  variety  of  drugs,  natural  and  man-made  poisons  and  common  insecticides.  Molecular  cloning 
and  gene  mapping  studies  revealed  the  primary  structure  of  human  acetyl-  and  butyrylcholinesterase  and  localized  the 
corresponding  ACHE  and  BCHE  genes  to  the  chromosomal  positions  3q26-ter  and  7q22,  respectively.  Several  different 
point  mutations  in  the  coding  region  of  BCHE  were  found  to  be  particularly  abundant  in  the  Israeli  population.  Analytical 
expression  studies  in  microinjected  Xenopiis  oocytes  have  demonstrated  that  the  biochemical  properties  of  cholinesterases 
may  be  modified  by  rationalized  site-directed  mutagenesis  and  in  chimeric  ACHE/BCHE  constructs.  These  properties  are 
differently  altered  in  the  various  allelic  BCHE  variants,  conferring  resistance  to  several  anti-cholinesterases,  which  may 
explain  the  evolutionary  emergence  of  these  multiple  alleles.  At  the  clinical  level,  abnormal  expression  of  both  ACHE 
and  BCHE  and  the  in  vivo  amplification  of  the  ACHE  and  BCHE  genes  has  been  variously  associated  with  abnormal 
megakaryocytopoiesis,  leukemias  and  brain  and  ovarian  tumors.  Moreover,  antisense  oligonucleotides  blocking  the  expres¬ 
sion  of  these  genes  were  shown  to  interfere  with  hemocytopoiesis  in  culture,  implicating  these  genes  in  cholinergic  influence 
on  cell  growth  and  proliferation. 

ACHE  /  BCHE  /  mutations  /  neurological  diseases 


Introduction 

Two  single-copy  genes,  designated  ACHE  and 
BCHE,  encode  the  acetylcholine-hydrolysing  en¬ 
zymes  acetyl-  and  butyrylcholinesterase  (AChE 
and  BuChE,  respectively).  The  clinical  role  of 
AChE  needs  no  introduction  to  neurologists; 
however,  the  role  of  BuChE  is  less  obvious.  In 
addition  to  hydrolyzing  acetylcholine,  though  at 
a  considerably  slower  pace  than  AChE  [47], 
BuChE  acts  as  a  scavenger  of  poisons  targeted 
at  acetylcholine  binding  proteins.  These  include, 
in  particular,  AChE  and  the  various  acetylcholine 
receptors  [47].  The  human  ACHE  and  BCHE 
genes  were  both  molecularly  cloned  [42,  48]  and 
mapped  to  the  chromosomal  positions  7q22 
[20,22]  and  3q26  [5,23],  respectively.  Because 
of  the  physiological  role  of  the  enzymes,  muta¬ 
tions  in  both  of  the  cholinesterase  genes  (CHEs) 
are  physiologically  important,  as  indicated  by  the 
fact  that  reduced  cholinesterase  (ChE)  enzyme  ac¬ 
tivity  due  to  natural  or  man-produced  inhibitors 


has  severe  neurological  consequences.  In  the  fol¬ 
lowing,  we  discuss  the  current  state  of  informa¬ 
tion  regarding  the  basis  for  these  consequences. 


BuChE  mutations:  causes  for  congenital 
susceptibility  to  altered  drug  responses 

Twenty-two  different  mutations  in  the  coding  re¬ 
gion  of  the  human  BCHE  gene  have  been  identi¬ 
fied  in  the  human  population  since  the  gene  was 
cloned  [41].  Some  of  these  alter  various  amino 
acids  and  introduce  different  phenotypic  changes 
in  the  resultant  enzyme  [37].  Other  mutations  in¬ 
troduce  stop  signals  into  the  mRNA  transcript, 
producing  incomplete,  “silent"’  (inactive),  BuChE 
[40].  The  active  variants  are  far  more  abundant 
in  the  population  than  the  silent  ones,  all  of  which 
together  are  only  0.0001%  of  homozygotes  [55], 
which  suggests  that  the  frequent  phenotypically- 
effective  variants  confer  a  selection  advantage  for 
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development.  The  presumption  is,  that  random 
mutation  would  produce  more  silent  mutations, 
and,  as  these  are  rare,  they  must  be  selected 
against. 

Cholinesterase  genes  were  analyzed  by 
molecular  cloning,  library  screening  and  poly¬ 
merase  chain  reactions  (PCR)  amplification,  all 
as  detailed  elsewhere  [20,23,42,48].  Positions 
of  substituted  amino  acid  residues  within  the  ma¬ 
ture  AChE  protein  were  determined  by  superim¬ 
posing  the  primary  amino  acid  sequence  of 
human  AChE  [48]  onto  the  crystal  structure  of 
Torpedo  AChE  [52],  using  the  Insight  program 
(Biosym)  on  a  Silicon  Graphics  computer  as 
detailed  in  [49].  For  BuChE  mutations,  we  em¬ 
ployed  the  recent  computer  model  of  human 
BuChE  [25]. 

The  currently  available  data  on  mutations  in 
the  coding  region  of  the  human  BCHE  gene  and 
their  phenotypic  consequences  are  presented  in 
table  I  and  figure  1  and  the  different  mutations 
causing  “silent”  BuChE  phenotypes  are  superim¬ 
posed  in  figure  2  on  the  ribbon  model  of  the 
BuChE  protein  [25],  It  is  interesting  to  note  that 
several  of  these  BuChE  variants  (eg  Asp70 
Gly)  were  simultaneously  discovered  on  two  con¬ 
tinents,  while  many  others  have  been  detected 
only  once.  The  search  for  new  variants  was  not 
random;  mutations  in  BCHEcDNA  or  BCHE 
genes  were  sought  in  DNA  samples  taken  from 
individuals  who  expressed  the  variant  phenotypes 
[38,  40,  43]  or  from  tumors  presenting  biochemi¬ 
cal  alterations  in  the  BuChE  protein  "[23,  37]. 

Several  of  the  variant  BuChE  proteins  display 
an  inability  to  hydrolyze  the  muscle  relaxant  suc- 
cinylcholine  [37,  55].  Consequently,  patients  with 
such  variant  BuChEs  may  suffer  prolonged  apnea 
when  given  standard  doses  of  succinylcholine 
during  anesthesia  [26].  The  low  serum  levels  of 
BuChE  activity  characteristic  of  several  of  these 
variants  also  implies  that  tissue  types  to  which 
ChE  activity  is  essential  will  be  subject  to  severe 
stress  under  exposure  of  individuals  carrying 
these  variants  to  organophosphorous  (OP)  insecti¬ 
cides  designed  to  block  ChE  activities,  or  by  nat¬ 
urally  occurring  ChE  inhibitors. 


A  single  point  mutation  in  the  ACHE  gene: 
immunogenic  implications 

In  contrast  to  the  multitude  of  point  mutations  in 
the  BCHE  gene,  records  of  phenotypically  effec¬ 


tive  variants  in  the  ACHE  gene  are  so  far  limited 
to  a  single  point  mutation.  This  was  discovered 
in  several  steps.  The  human  ACHE  gene  was  first 
demonstrated  to  present  two  co-dominant  alleles 
in  a  single  genetic  locus  [13].  Recently,  a  com¬ 
mon  polymorphism  was  reported  in  the  ACHE 
gene,  in  which  His322  is  replaced  by  asparagine 
due  to  a  C  — >  A  substitution  [31].  Furthermore, 
this  allele  has  been  identified  as  the  basis  of  the 
Yt^  blood  group  [50],  for  which  an  incidence  of 
5%  has  been  determined  in  the  general  Caucasian 
population  [29]  and  a  considerably  higher  inci¬ 
dence  in  Israel  [28]. 

The  genomic  position  of  the  Yt  mutation  is 
shown  in  figure  1.  In  view  of  the  complete  agree¬ 
ment  between  the  original  observation  of  pheno¬ 
typic  diversity  and  the  recent  findings  on  the  Yt 
mutation,  it  appears  that  the  ACHE  gene  is  much 
less  susceptible  to  mutation  than"  the  related 
BCHE  gene. 


Discussion 

The  plethora  and  frequency  of  BuChE  variants  as 
compared  with  the  genetic  stability  of  AChE  un¬ 
doubtedly  reflects  the  different  levels  of  impor¬ 
tance  of  these  two  enzymes.  Thus,  the  essential 
function  of  AChE  in  the  termination  of  neu¬ 
rotransmission  precludes  mutations  that  com¬ 
promise  the  activity  of  AChE,  as  these  are 
undoubtedly  lethal.  In  contrast,  the  scavenging 
role,  which  has  been  proposed  for  BuChE,  may 
even  lead  to  a  positive  selection  pressure  for  pro¬ 
teins  with  modified  properties  when  these  confer 
resistance  to  specific  cholinergic  poisons.  How¬ 
ever,  we  posit  two  caveats:  the  extreme  rarity  of 
the  silent  BuChE  mutations  strongly  suggests  a 
role  for  BuChE  that  perhaps  has  not  yet  been 
identified,  and  selection  does  not  necessarily  ren¬ 
der  BuChE  variants  advantageous  when  faced 
with  man-made  ChE  inhibitors. 

The  body  s  first  line  of  defence  against  anti- 
ChEs  is  plasma  BuChE,  which  scavenges  the 
agent.  Congenital  variations  of  BuChE,  however, 
may  impair  this  protective  property.  Excess  ChE 
inhibitors  that  have  not  been  eliminated  by  the 
BuChE  screen,  upon  reaching  neuromuscular 
junctions  (NMJs)  may  block  diaphragm  muscles, 
with  a  lethal  effect  [14].  Neurological  implica¬ 
tions  of  BuChE  mutations,  include  congenital 
susceptibility  to  cholinergic  drugs  and  poisons. 
Such  poisons  include  primarily  OP  insecticides, 
the  inhibition  by  which  causes  a  very  specific  re- 
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Table  I.  Human  butyrycholinesterase  variants  and  their  phenotypes. 


No‘‘ 

Mutated 

nucleotide 

Altered  amino 
acids 

Phenotype 

Reference 

1 

Wildtype 

None 

Normal 

Prody  et  al  (1987) 

Lockridge  et  al  (1987) 

2 

ATT  TT 

I6-ter 

Silent  (frameshift) 

Primo-Parmo  et  al  (1992) 

3 

CCT  TCT 

P37S 

Silent 

Primo-Parmo  et  al  (1992) 

4 

GAT  GGT 

D70G 

Resistance  to  succinyl  choline 

Gnatt  et  al  (1990) 

and  other  ligands 

Neville  et  al  (1990b) 

5 

TAT  CAT 

Y114H 

No  significant  effect,  when  alone 

Neville  et  al  (1992) 

6 

GGT  GAT 

G115D 

Silent 

Primo-Parmo  et  al  (1992) 

7 

GGT  GGAG 

G117-ter 

Silent  (frameshift) 

Noguiera  et  al  (1990) 

8 

GTG  ATG 

V142M 

H- variant  (10%  specific  activity) 

Lockridge  (1990) 

9 

GAT  GGT 

D170G 

Silent 

Primo-Parmo  et  al  (1992) 

10 

AGT  GGT 

S198G 

Silent 

Primo-Parmo  et  al  (1992) 

11 

ACG  ATG 

T243M 

Fluoride-1  (Km  variant) 

Nogueira  et  al  (1992) 

12 

Alu  insert 
(nt  1062-1077) 

D301-ter 

Silent  (frameshift) 

Soreq  and  Zakut  (1993) 

13 

ACC  AACC 

T315-ter 

Silent  (frameshift) 

Primo-Parmo  et  al  (1992) 

14 

GGA  CGA 

G356R 

Silent 

Primo-Parmo  et  al  (1992) 

15 

GGT  GTT 

G390V 

Fluoride-2  (Km  variant) 

Bartels  et  al  (1992a) 

16 

TCG  CCC 

S425P 

When  coupled  with  G70,  full 

Gnatt  et  al  (1990) 

resistance  to  succinyl  choline 
and  dibucaine 

17 

TGG  CGG 

W471R 

Silent 

Primo-Parmo  et  al  (1992) 

18 

GAA  GTA 

E497V 

J  variant  (33%  specific  activity) 

Bartels  et  al  (1992a) 

19 

TAT  TAA 

Y500-ter 

Silent 

Primo-Parmo  et  al  (1992) 

20 

CAA  CTA 

Q508L 

Silent 

Primo-Parmo  et  al  (1992) 

21 

GCA  ACA 

A539T 

K  variant  (70%>  specific  activity) 

Bartels  et  al  (1992b) 

22 

TTT  TAT 

F561Y 

No  significant  effect  when  alone 

Gnatt  et  al  (1990) 

^Mutant  number  refers  to  figure  !. 

action  of  the  OP  compound  with  the  active  site 
serine  of  ChEs  [3].  Blocking  of  ChEs  leads  m 
acetylcholine  (ACh)  accumulation  [2],  synaptic 
excitation  and  subsequent  paralysis.  Delayed 


neurotoxicity  includes  damage  to  the  peripheral 
nervous  system  [1],  although  the  mechanism  of 
this  effect  is  unknown.  Clinical  symptoms  of 
acute  OP  poisoning  include,  in  the  following 


256 


0 

L 

1 

2  3  4  5 

- U_ -  1  ,  , 

6 

7 

ACHE 

Lei 

igth,  Kb 

Promoter 

MipUM 

\  A 

ii 

1  E2*  1  12  1  E3  1  13 

mutation  no. 

. - 

I 

a — U 

BCHE 

^  6.5Kb 

— yi - 

A  >32Kb 

II 

- 

-  - - - 

E2  * 

////nil  1  I'TTU  - - - - 

p)  13  : 

a 
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mu'ia^ted'n  '  °!  '’“‘^‘‘Cholinesterase  mutations.  The 
a  n  utatercol^  corresponding  to 

Dosed  on^rh  h  i  k"®  “  spacc-filling  atoms  superim- 

tHbmion  o?  ,h  molecule.  Note  the  di.s- 

tribution  of  the  mutations  over  the  entire  protein  molecule 


order:  flushing,  dry  mouth,  fasciculations,  tremor 
restlessness,  agitation,  ataxia  [34]  weakness,  con¬ 
vulsions,  coma  and  death  [19],  Immediate  treat¬ 
ment  aimed  at  restoration  of  cholinersic  function 
terminates  all  of  these  symptoms,  although,  par- 
adoxical ly,  the  levels  of  plasma  BuChE  and  red 
blood  cell  AChE  remain  low  for  up  to  3  and  12 
weeks,  respectively  [35],  This  suggests  a  much 
faster  repneration  of  AChE  at  the  NMJ,  but  this 
nas  not  been  documented. 


Tieatment  of  OP  intoxication  includes  pr 
lactic  and  therapeutic  use  of  derivatives^, 
reversible  ChE  inhibitor  physostigmine  (es 
156],  Reactivators  of  AChE  and  BuChE  we- 
signed  to  be  attracted  to  the  choline-bindin 
(like  choline,  they  possess  a  permanent  po 
charge)  and  to  have  a  reactive  group  (-C=^ 
that  can  promote  hydrolysis  of  the  phosphak 
blocks  the  enzyme’s  reactive  site.  A  succi 
reactivator  is  PAM  (pyridinium-2  aide 
methiodide)  [57],  This  reactivation  pro 
hampered  by  “ageing”,  which  oi 
alter  ChEs  interact  with  certain  OPs,  such  as 

(isopropyl methylphosphonofluoridate)  DFP 
sopropylphosphorofluoridate)  and  ’  malai 
(0,0-diethyldithiophosphate  diethylmercaptr 
cinate).  This  process  is  believed  to  inv 
dealkylation  of  the  covalently  bound  OP  oi 
rendering  therapy  by  oximes  ineffective  [3. 
In  addition  to  affecting  the  NMJ.  OPs  c 

nervous  sv: 

(CNS)  [1],  where  the  exact  mechanism  of  i 

‘issues  poisoi 

ChE  inhibitors  may  be  dealt  with  by  pla 
BuchE,  which  reacts  with  the  agent,  sparine 
^ongeii'al  variabilitie'^s 

propertv. 

BuChE  levels  in  serum  of  individuals  with 
coinmon  BCHE  allele  have  been  shown  to  i 
with  a  standard  deviation  of  25%  in  the  norr 
non-exposed  population  [6],  In  addition 
creased  or  decreased  BuChE  activities  haveV 
attributed  to  some  disease  states.  These  inch 
burn  injuries,  renal  disease,  or  liver  dysfuncti 
for  decrement  of  BuChE  levels,  whereas 
creases  have  been  observed  in  cases  of  obes 
asthma,  and  alcoholism  [27,  45,  55,  58].  This 
mrn,  implies  variable  sensitivity  of  affected 
dividuals  to  OP  poisoning.  It  is  therefore  i 
surprising  that  long-term  neurological  and/or  p 
chiatric  effects  of  OP  poisoning  in  man  have  be 
subject  to  dispute  for  many  years.  In  rodents,  i 
OP  agent  tri-p-cresyl  phosphate  was  shown  to  i 
duce  chronic,  progressive  degeneration  of  lov\ 
motor  neurons  [10]  suggesting  that  parallel  i 
eck  may  be  anticipated  in  humans  under  occ 
pational  exposure.  At  least  one  such  paraly- 
case  has,  indeed,  been  reported  [17].  Subseque 
reports  of  long-term  neuropsychiatric  disti: 
bances  in  individuals  who  were  subject  to  chron 
OP  poisoning  [16,21]  were  reinforced  by  obsc 
vations  of  EMG  abnormalities  in  occupational 
exposed  individuals  [24].  In  addition,  acute  pest 
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cide  intoxication  was  reported  to  produce  an  ab¬ 
normal  EEG,  similar  to  that  detected  in  epileptic 
patients  [11,33]  or  other,  less  drastic  yet  long¬ 
term  and  persistent  alterations  [18,51].  These 
conclusions  are  consistent  with  the  hypothesis 
that  cholinergic  signaling  is  involved  in  memory 
[4]  and  calls  for  particular  caution  in  the  use  of 
OP  insecticides. 

In  contrast  with  these  early  and  alarming  stu¬ 
dies,  other  investigators  failed  to  observe  long¬ 
term  psychiatric  [53]  and/or  neurological  [12] 
changes  following  OP  poisoning,  either  in  man 
or  in  experimental  animals.  Neurobehavioral  ab¬ 
normalities  were  sought  in  workers  chronically 
exposed  to  OP  insecticides  and  no  defects  in  per¬ 
formance  could  be  observed  in  memory  or  lan¬ 
guage  abilities  [44].  A  more  recent  epidem¬ 
iological  attempt  to  evaluate  the  latent  neuro¬ 
logical  effects  of  OP  pesticide  poisoning  was 
performed  in  Colorado  and  included  100  in¬ 
dividuals  with  a  history  of  previous  acute  OP 
pesticide  poisoning,  matched  according  to  age 
and  education  with  non-poisoned  control  in¬ 
dividuals  [46].  The  study  was  performed 
several  years  after  the  exposures,  and  revealed 
no  persistent  alterations  in  audiometric,  oph¬ 
thalmic,  EEG  or  blood  ChE  tests.  However, 
neuropsychological  abnormalities  in  memory, 
abstraction  and  mood  as  well  as  impaired  motor 
reflexes  were  statistically  significant  in  the  OP- 
exposed  individuals  in  the  range  characteristic 
of  patients  with  cerebral  damage  or  dysfunc¬ 
tion.  This  study  clearly  demonstrates  chronic 
neurological  consequences  of  acute  OP  poison¬ 
ing  and  explains  the  reasons  for  the  previous 
disagreement  between  researchers,  since  it  re¬ 
veals  sequelae  too  subtle  to  be  detected  by 
standard  techniques. 

A  recent  study  further  describes  aggressive  be¬ 
havior  following  exposure  to  cholinesterase  in¬ 
hibitors  [15].  This  was  reported  in  four  different 
individuals  with  no  previous  history  of  violent 
behavior  and  appeared  to  be  reversible,  which 
adds  unprovoked  aggressive  behavior  to  the  list 
of  neurotoxic  effects  of  OP  poisoning. 

Thus,  point  mutations  in  the  BCHE  gene  may 
cause  congenital  variability  in  the  susceptibility 
of  OP  poisoning.  Among  the  cholinergic  drugs, 
ChE  inhibitors  used  experimentally  to  treat  senile 
patients,  should  be  mentioned.  They  include 
mainly  carbamates  such  as  physostigmine  and 
derivatives  [54].  It  is  important  to  note  that 
several  of  the  variant  BuChE  subtypes  drastically 
differ  in  their  inhibition  constants  for  carbamates 


[37].  In  this  case  as  well,  phenotypic  variabilities 
in  the  intensity  and  duration  of  response  to  cogni¬ 
tive  drugs  may  be  expected  in  individuals  having 
the  variant  genotypes. 
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Background  :  The  cognitive  deterioration  characteristic  of  Alzheimer's 
disease  is  notably  associated  with  structural  changes  and  subsequent  cell  death 
which  primarily  occur  in  acetylcholine  producing  neurons,  progressively 
damaging  cholinergic  neurotransmission.  We  have  previously  reported  that 
excess  acetylcholinesterase  (AChE),  leading  to  synaptic  cholinergic  imbalance, 
alters  structural  features  of  neuromuscular  junctions  in  transgenic  Xenopus 
tadpoles.  However,  the  potential  of  cholinergic  imbalance  to  induce 
progressive  decline  of  memory  and  learning  in  mammals  has  not  been 
explored. 

Results  :  To  approach  the  molecular  mechanisms  underlying  the  progressive 
memory  deficiencies  associated  with  impaired  cholinergic  neurotransmission, 
we  created  transgenic  mice  expressing  human  AChE  in  brain  neurons.  With 
enzyme  levels  up  to  two-fold  higher  than  in  controls,  these  mice  displayed  age- 
independent, resistance  to  the  hypothermic  effects  of  the  anti- AChE  paraoxon. 
However,  in  addition  to  this  improved  scavenging  capacity  for  anti-AChEs 
these  transgenic  mice  also  resisted  muscarinic,  nicotinic  and  serotonergic 
agonists,  indicating  secondary  pharmacological  changes.  Moreover,  the  ACHE- 
transgenic  mice  developed  progressive  learning  and  memory  impairments, 
although  their  locomotor  activities  and  open  field  behavior  remained  similar  to 
those  of  matched  control  mice.  Within  6  months  of  age,  these  mice  totally  lost 
their  ability  to  respond  to  training  in  a  spatial  learning  water  maze  test,  in 
contradistinction  with  their  normal  performance  in  this  test  at  the  age  of  4 
weeks.  This  animal  model  is  hence  suitable  for  investigating  the  transcriptional 
changes  associated  with  cognitive  deterioration  and  for  testing  potential  drugs 
for  attenuating  such  progressive  damages. 

Conclusion:  We  conclude  that  cholinergic  imbalance  may  by  itself  cause 
progressive  memory  decline  in  mammals,  suggesting  that  congenital  and/or 
acquired  changes  in  this  vulnerable  balance  may  contribute  toward  the 
physiopathology  of  Alzheimer's  disease. 
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Progressive  deterioration  of  memory  and  learning  is  a  characteristic 
manifestation  of  Alzheimer's  disease  [1].  The  molecular  mechanisms 
underlying  this  phenomenon  are  still  obscure,  as  the  vast  majority  (>90%)  of 
Alzheimer's  disease  cases  is  of  sporadic  origin,  with  presumably  multigenic 
contributions  combined  with  environmental  causes  [2].  This  calls  for  searching 
for  potential  reasons  to  explain  the  progressive  cognitive  decline  in 
Alzheimer's  disease. 

At  the  neuropathological  level,  the  neuritic  plaques  and  neurofibrillary  tangles 
which  are  defining  features  of  this  disease  are  particularly  concentrated  in 
brain  regions  where  cholinergic  circuits  operate  [3].  Moreover,  the 
progression  of  disease  symptoms  is  primarily  associated  with  structural 
changes  in  cholinergic  synapses  [4],  loss  of  particular  acetylcholine  receptor 
subtypes  [5],  death  of  acetylcholine  (ACh)  producing  neurons  [6]  and 
consequent  damage  to  cholinergic  neurotransmission  [7],  leaving  a  relative 
excess  of  the  ACh  hydrolyzing  enzyme  acetylcholinesterase  (AChE).  This 
spatiotemporal  correlation  led  to  the  cholinergic  theory  of  Alzheimer's  disease 
[7]  and  promoted  development  of  cholinergic  therapies  for  it  [8].  The  first  of 
these  drugs  to  be  approved  for  clinical  use  is  tacrine  (THA, 
tetrahydroaminoacridine,  Cognex®),  an  AChE  inhibitor  which  temporarily 
attenuates  the  worsening  of  certain  clinical  symptoms  in  patients  at  the  early 
stages  of  Alzheimer's  disease  [8].  The  concept  behind  the  use  of  tacrine  is  to 
restore  the  cholinergic  balance,  at  least  for  a  while,  by  elevating  ACh  levels 
and  augmenting  the  functioning  of  remaining  receptors  [9].  The  finding  that 
tacrine  administration  has  some  therapeutic  value  emphasizes  the  importance 
of  balanced  cholinergic  neurotransmission  for  satisfactory  steady-state 
cognitive  functioning.  However,  the  question  whether  imbalanced  cholinergic 
neurotransmission  can  by  itself  contribute  toward  the  progressive  decline  in 
Alzheimer's  disease  has  not  been  addressed. 
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To  examine  the  in  vivo  consequences  of  synaptic  cholinergic  imbalance,  we 
have  recently  expressed  human  AChE  in  transiently  transgenic  embryos  of 
Xenopus  laevis  frogs  [10].  The  recombinant  human  enzyme  accumulated  in 
neuromuscular  junctions  and  altered  their  structural  features  [11].  Moreover, 
transgenic  expression  of  mouse  muscle  nicotinic  ACh  receptor  conferred 
similar  structural  changes  onto  Xenopus  neuromuscular  junctions,  enlarging 
their  post-synaptic  length  and  deepening  their  synaptic  cleft  [11].  These 
structural  alterations  resembled  those  reported  for  cholinergic  brain  synapses 
in  patients  at  the  early  stages  of  Alzheimer’s  disease  [4],  suggesting  that  the 
latter  changes  as  well  could  perhaps  be  caused  by  imbalanced  cholinergic 
neurotransmission.  This,  in  turn,  initiated  our  interest  in  creating  transgenic 
mice  with  congenital  AChE  overexpression  and  examining  cognitive  functions 
in  these  animals. 

The  construction  of  our  transgenic  mice  was  conceptually  different  from  other 
recent  models  designed  to  recreate  the  neuropathological  features  of 
Alzheim.er's  disease.  Thus,  transgenic  mdce  expressing  normal  or  mutant  forms 
of  the  B-amyloid  protein  died  prematurely  [12]  or  developed  amyloid  plaques 
rich  in  B-amyloid  peptides  [13].  This  shed  new  light  on  the  histopathological 
changes  characteristic  of  Alzheimer's  disease,  particularly  in  carriers  of  B- 
amyloid  mutations,  but  not  on  the  relevant  mental  deficiencies.  In  contrast, 
eliminating  several  key  brain  proteins  by  homologous  recombination 
(knockout)  caused  no  histopathological  changes,  but  damaged  spatial  learning 
[14-16]  or  avoidance  learning  [17].  However,  neither  the  B-amyloid  transgenics 
nor  any  of  these  knockout  mice  were  reported  to  display  the  neurochemical 
changes  particular  to  Alzheimer's  disease,  one  of  them  being  cholinergic 
imbalance.  Moreover,  none  of  the  reported  cognitive  changes  seemed  to 
involve  progressive  deterioration. 
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In  contrast  with  the  above  summarized  studies,  our  efforts  were  devoted 
toward  creating  a  subtle  change  in  the  normal  balance  of  cholinergic 
neurotransmission  within  the  mammalian  brain,  mimicking  conditions  which 
might  exist  in  patients  with  no  hereditary  tendency  for  Alzheimer's  disease. 
We  further  limited  this  change  to  those  cell  types  in  which  it  naturally  takes 
place  and  studied  its  neurochemical,  physiopathological  and  cognitive 
consequences  in  an  age-dependent  manner.  Our  findings  demonstrate  that 
AChE  overexpressing  mice  with  inheritable  cholinergic  imbalance  undergo 
selective  progressive  decline  in  their  capacity  for  spatial  learning  and  memory 
and  suggest  the  use  of  these  mice  for  exploring  the  detailed  molecular 
mechanisms  underlying  the  cognitive  deterioration  in  Alzheimer's  disease. 


Results 
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Low  level  AChE  overexpression  is  compatible  with  life:  To  elicit 
transgenic  mice  overexpressing  AChE,  we  employed  DNA  encoding  the  brain 
and  muscle  form  of  human  AChE  [10],  preceded  by  the  potent  ubiquitous 
promoter  of  cytomegalovirus  (CMV)  [18].  Alternatively,  we  used  a  596 
nucleotide  long  fragment  from  the  authentic  promoter  of  the  human  ACHE 
aene  followed  bv  its  first  intron  and  the  same  coding  sequence  (HpACHE; 
[10]).  Both  promoters  were  previously  found  to  direct  human  AChE 
accumulation  in  Xenopus  neuromuscular  junctions  [10,11],  although  the  CMV 
promoter  was  ca.  20-fold  more  efficient  in  its  capacity  to  direct  production  of 
the  AChE  protein  in  Xenopus  [10].  The  outcome  of  our  mouse  experiments 
was  rather  different:  out  of  70  microinjections  of  CMV  ACHE  DNA  into 
mouse  eggs,  we  obtained  only  one  viable  founder  mouse  carrying  the 
CMV  ACHE  transgene.  Moreover,  the  transgenic  DNA  was  not  expressed  in 
the  progeny  of  that  mouse.  Parallel  40  microinjections  of  HpACHE  DNA 
yielded  3  viable  pedigrees  with  2,  10  and  15  copies  of  the  transgene.  Of  these, 
no  enzyme  production  was  observed  in  the  two  pedigrees  with  higher  copy 
numbers  of  the  transgene.  Transgenic  DNA  remained  expressible  only  in  that 
pedigree  with  the  lowest  amount  (2  copies)  of  HpACHE  DNA.  These 
exceedingly  low  success  rates  in  obtaining  viable  AChE-transgenic  mice  were 
considerably  lower  than  those  we  previously  observed  with  other  DNAs 
[19,20],  suggesting  that  AChE  overexpression  was  compatible  with  life  only  at 
low  levels.  Seven  generations  of  transgenic  mice  with  unmodified  HpACHE 
DNA  were  thereafter  raised  from  the  above  pedigree,  all  of  which  presented 
grossly  normal  development,  activity  and  behavior. 

Transgenic  HpACHE  expression  is  limited  to  CNS  neurons;  Reverse 
transcription  and  quantitative  PCR  amplification  [20]  revealed  both  human  and 
mouse  ACHEmRNA  transcripts  in  dissected  brain  regions  of  the  apparently 
homozygous  transgenic  mice  from  the  fifth  and  subsequent  generations,  as  is 
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demonstrated  in  Fig.  lA.  Host  ACHEmRNA  levels  and  alternative  splicing 
patterns  [21]  remained  apparently  unchanged.  Bone  marrow  and  adrenal 
glands  displayed  only  mouse  ACHEmRNAs,  with  apparently  unmodified 
concentrations  of  the  principal  alternative  products.  In  spite  of  several  myoD 
elements  in  the  HpACHE  promoter  [10],  the  transgene  was  not  expressed  in 
muscle  . 

To  associate  human  ACHEmRNA  transcripts  with  specific  brain  cell  types,  we 
performed  in  situ  hybridization  experiments.  Labeling  was  seen  in  essentially 
similar  brain  neurons  as  those  observed  in  other  mammals  [22,23],  including 
cell  bodies  in  the  basal  forebrain,  brainstem  and  cortex  of  transgenic  mice. 
Cholinoceptive  hippocampal  neurons  were  intensively  labeled,  especially  in  the 
CA1-CA2  region  (Fig.  IB).  Thus,  expression  of  the  HpACHE  transgene  was 
apparently  confined  to  host  central  nervous  system  (CNS)  neurons  that 
normally  express  the  mouse  ACHE  gene. 

Normally  processed  transgenic  AChE  accumulates  in  cholinergic 
brain  regions:  AChE  from  the  brain  of  control  and  transgenic  mice 
displayed  similar  sedimentation  profiles  in  sucrose  gradient  centrifugation, 
demonstrating  unmodified  assembly  into  multimeric  enzyme  forms  (Fig.  1C). 
Up  to  50%  of  the  active  enzyme  in  basal  forebrain  (Fig.  1C),  but  none  in  bone 
marrow  (Table  I),  interacted  with  monoclonal  antibodies  specific  to  human 
AChE  [24].  Catalytic  activity  measurements  in  tissue  homogenates  revealed  a 
100%  increase  over  control  in  the  detergent-extractable  amphiphilic  AChE 
fraction  from  basal  forebrain  and  more  limited  increments  in  cortex, 
brainstem,  cerebellum  and  spinal  cord  extracts  (Table  I).  There  were  no  age- 
dependent  changes  in  this  pattern  and  no  differences  in  the  cell  type 
composition  of  bone  marrow  of  transgenic  as  compared  with  control  mice.  Gel 
electrophoresis  followed  by  cytochemical  staining  of  enzyme  activity  [24] 
revealed  similar  migration  for  AChE  from  the  brain  of  transgenic  and  control 
mice,  indicating  comparable  glycosylation  patterns. 
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Intensified  cytochemical  staining  of  AChE  activity  was  observed  in  brain 
sections  from  transgenic  mice  in  all  of  the  areas  that  stain  for  AChE  activity  in 
normal  mice  [25].  Staining  was  particularly  intense  in  the  neo-striatum  and 
pallidum  (Fig.  2A)  as  well  as  in  hippocampus  (Fig.  2B),  the  latter  two  areas 
associated  with  learning  and  memory  [26,27].  Moreover,  there  were  more 
conspicuous  depositions  of  the  electron-dense  product  of  AChE  cytochemical 
staining  within  synapse-forming  dendrites  in  the  anterior  hypothalamus  from 
transgenic  mice  than  in  control  brain  sections  (Table  II).  However,  synapses 
interacting  with  these  stained  dendrites  were  of  similar  length  in  transgenic 
mice  and  in  controls  (Table  II),  demonstrating  that  unlike  the  situation  in 
Xenopus  laevis  neuromuscular  junctions  [11,24],  AChE  overexpression  in  the 
mouse  brain  did  not  modify  the  post-synaptic  length  of  at  least  part  of  the 
cholinergic  synapses.  In  addition,  there  was  no  sign  for  neurofibrillary  tangles 
or  amyloid  plaques  in  the  analyzed  brain  sections  from  mice  up  to  6  months  of 
age. 

Transgenic  AChE  selectively  alters  hypothermic  drug  responses:  In 
search  for  the  physiological  involvement  of  transgenic  AChE,  and  since 
cholinergic  synapses  in  the  anterior  hypothalamus,  where  we  noted  AChE 
overexpression,  are  involved  in  thermoregulation  [28],  we  examined 
hypothermic  responses  of  these  transgenic  mice  to  the  potent  AChE  inhibitor 
diethyl  p-nitrophenyl  phosphate  (paraoxon),  the  toxic  metabolite  of  the 
agricultural  insecticide  parathion.  Both  young  (4  to  5  weeks  old)  and  adult  (5 
to  7  months  old)  transgenic  mice  were  considerably  more  resistant  to 
paraoxon-induced  hypothermia  than  non-transgenic  controls  (Fig.  3A,  B).  The 
transgenic  mice  were  almost  totally  resistant  to  a  low  paraoxon  dose  (0.25 
mg/kg.  Fig.  3A).  With  higher  doses,  they  displayed  limited  reduction  in  body 
temperature  and  shorter  duration  of  response  as  compared  with  controls.  Most 
importantly,  transgenic  mice  exposed  to  1  mg/kg  dose  of  paraoxon  (Fig.  3B) 
retained  apparently  normal  physical  activity,  while  control  mice  experienced 
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under  this  dose  myoclonia  and  muscle  stifening,  symptoms  characteristic  of 
cholinergic  overstimulation. 

In  addition  to  their  improved  capacity  for  scavenging  of  the  anti-AChE 
paraoxon,  the  transgenic  mice  also  displayed  resistance  to  the  hypothermic 
effects  of  the  muscarinic  agonist  oxotremorine  (Fig.  3C),  to  the  less  potent 
effect  of  nicotine  (Fig.  3D),  and  to  the  serotonergic  agonist  8-hydroxy-2-(di-n- 
propylamino)  tetralin  (8-OH-DPAT)  (Fig.  3E),  but  not  to  the  a2-adrenergic 
agonist  clonidine  (Fig.  3F).  Also,  thermal  response  to  cold  exposure  remained 
unchanged  in  the  transgenic  compared  to  the  control  mice:  within  60  min 
exposure  to  5  °C,  body  temperature  decreased  to  35.5  °C  in  both, 
demonstrating  that  no  changes  had  occurred  in  their  peripherally-induced 
control  over  body  temperature. 

Transgenic  AChE  induces  age-dependent  decline  in  spatial  learning 
capacity:  To  examine  their  cognitive  functioning,  transgenic  and  control 
mice  were  subjected  to  several  behavioral  tests.  When  compared  to  sex- 
matched  groups  of  non-transgenic  control  mice  at  the  age  of  1,  2-3  and  5-7 
months,  the  AChE-transgenic  mice  retained  normal  locomotor  and  explorative 
behavior,  covering  the  same  space  and  distance  in  an  open  field  as  their  control 
counterparts.  At  the  same  time  the  open  field  anxiety  of  these  mice  remained 
unchanged,  as  evaluated  in  the  frequency  of  defecation  incidents  and  grooming 
behavior  (Table  III).  In  contrast,  conspicuous  behavioral  differences  were 
observed  in  these  mice  in  two  versions  of  the  Morris  water  maze  [29].  In  the 
hidden  platform  version  of  this  test  mice  are  expected  to  use  long-distance  cues 
to  orient  themselves,  find  a  platform  submerged  under  opaque  water  and 
escape  a  swimming  task  [29].  The  transgenics'  performance  in  this  test  was 
apparently  normal  at  the  young  age  of  4  weeks,  when  they  needed  a  similar 
number  of  training  sessions  as  controls  to  reach  the  platform  within 
significantly  shorter  time  (defined  as  the  escape  latency)  than  untrained  mice 
(Fig  4A  and  Table  III).  At  the  age  of  2-3  months,  transgenics  already  needed  8 
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more  training  sessions  than  controls  to  improve  their  performance.  In 
addition,  their  inter-animal  variability  increased  and  their  shortest  escape 
latency  was  significantly  longer  than  that  of  control  mice  of  the  same  age  (Fig 
4B  and  Table  III).  Finally,  at  the  age  of  6  months,  naive  transgenic  mice,  but 
not  controls,  became  totally  incapable  of  improving  their  performance  in  this 
test  through  training,  so  that  their  escape  latency  remained  the  same  as  that  of 
untrained  mice  (Fig  4C  and  Table  III).  This  deterioration  pattern  was  not 
caused  by  locomotion  deficiencies,  as  was  clear  when  the  two  groups  of  mice 
were  compared  by  the  open  field  test  (Table  III).  Moreover,  this  progressive 
decline  in  spatial  learning  and  memory  was  more  pronounced  than  those 
observed  in  mice  with  knocked-out  glutamate  receptor  1  [14],  fyn  [15]  or 
calcium  calmoduline  kinase  II  [16],  suggesting  a  more  substantial  perturbation 
than  in  any  of  these  defects. 

A  different,  age-independent  defect  was  observed  in  the  visible  platform 
version  of  the  Morris  water  maze,  in  which  mice  are  trained  to  escape  the 
swimming  task  by  using  short-distance  cues  to  climb  on  a  visible  platform 
decorated  by  a  flag  and  a  paper  cone  [29].  Interestingly,  the  transgenics  could 
not  improve  their  performance  in  this  test  through  training,  regardless  of  their 
age  (Table  III),  perhaps  due  to  early-onset  difficulties  in  short-distant  vision 
or  because  of  abnormal  avoidance  behavior.  In  either  case,  the  early 
occurrence  of  this  defect  at  the  age  of  four  weeks,  when  the  hidden  platform 
test  was  still  correctly  performed  by  these  transgenic  mice,  demonstrates  that 
the  defects  in  the  visual  and  the  hidden  platform  test  were  unrelated. 


Discussion 
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Using  the  authentic  promoter  from  the  human  ACHE  gene  in  conjunction  with 
the  AChE  coding  sequence,  we  created  transgenic  mice  expressing  human 
AChE  in  CNS  neurons  in  levels  which  were  apparently  low  enough  to  be 
compatible  with  life.  The  transgenic  enzyme  was  normally  processed  and  was 
detected  preferentially  in  brain  areas  normally  expressing  AChE,  where  it 
affected  transgenic  animal  responses  to  drugs  causing  hypothermia.  Most 
importantly,  rapid  decline  in  the  spatial  learning  capacities  of  these  transgenic 
animals  initiated  in  early  adulthood  and  progressed  thereafter,  supporting  the 
notion  that  subtle  cholinergic  imbalance  can  cause  progressive  learning 
deficiencies  in  mammals. 

Our  failure  to  obtain  viable  mice  with  high  levels  of  AChE  overexpression 
may  imply  that  both  the  HpACHE  promoter  with  its  limited  efficacy  and  the 
low  copy  number  of  the  transgene  were  important  for  allowing  survival  of 
these  AChE  overexpressing  mice.  The  expression  pattern  of  the  transgene 
excluded  peripheral  organs  where  the  ACHE  gene  is  normally  expressed  [30- 
32].  Moreover,  there  was  no  expression  in  muscle,  in  spite  of  MyoD  elements 
included  in  the  transgene.  This  restriction  to  CNS  neurons  expressing  AChE 
may  be  due  to  an  incomplete  promoter,  missing  necessary  enhancers. 
Alternatively,  silencing  elements  in  the  employed  promoter,  like  those 
reported  in  upstream  sequences  of  the  choline  acetyltransferase  gene  [33], 
could  prevent  expression  of  this  transgene  in  its  normal  target  tissues.  Finally, 
the  insertion  site  within  the  host  genome  may  affect  expression.  Additional 
studies  will  be  required  to  distinguish  between  these  possibilities. 

The  limited  neuronal  expression  and  the  low  copy  number  of  the  transgene 
ensured  that  it  could  only  cause  subtle  cholinergic  imbalance.  Thanks  to  the 
extremely  high  homology  (95%)  between  the  human  and  the  mouse  enzymes 
[30-32],  the  transgenic  protein  was  processed  and  assembled  normally.  It 
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therefore  accumulated  in  all  of  the  relevant  sites,  with  its  highest  excess  levels 
found  in  basal  forebrain,  the  region  most  vulnerable  to  neuronal  loss  in 
Alzheimer's  disease  [1].  Interestingly,  cholinergic  synapses  within  the  brain  of 
these  transgenic  mice  retained  their  normal  length,  unlike  neuromuscular 
junctions  from  AChE-overexpressing  Xenopus  tadpoles.  However,  the 
Xenopus  synapses  accumulated  up  to  10-fold  more  AChE  [11,24].  In  contrast, 
enzyme  excess  was  limited  to  2-fold  in  those  mouse  synapses  which  were 
analysed,  which  perhaps  reflects  the  top  level  compatible  with  survival.  The 
question  whether  cholinergic  imbalance  can  cause  progressive  structural 
changes  to  other  particular  types  of  cholinergic  synapses  in  the  mammalian 
brain  must  await  further  measurements. 

The  resistance  of  these  transgenic  mice  to  the  induction  of  hypothermia  by 
different  agents  demonstrated  modified  functioning  of  cholinergic  synapses 
overexpressing  human  AChE.  Resistance  to  paraoxon  could  be  expected,  as  the 
amount  of  its  target  protein,  AChE,  was  significantly  increased  in  the  brain  of 
these  mice.  However,  the  resistance  to  muscarinic,  nicotinic  and  serotonergic 
agonists  reflected  secondary  changes  affecting  both  cholinergic,  and 
serotonergic  synapses.  These  changes  were  caused,  either  directly  or 
indirectly,  by  the  transgenic  enzyme.  Yet,  no  general  alterations  occurred  in 
the  network  of  neurons  controlling  thermoregulation,  as  these  transgenic  mice 
retained  normal  responses  to  noradrenergic  agents  and  to  cold  exposure.  This 
suggests  loss  of  specific  synapses  and/or  receptor  desensitization  as  possible 
causes  and  indicates  the  use  of  cholinergic  and  serotonergic  agonists  for  early 
diagnosis  of  imbalanced  cholinergic  neurotransmission  in  human  patients. 

From  their  young  adulthood  onward,  and  also  at  a  time  when  their  spatial 
learning  performance  with  a  hidden  platform  was  indistinguishable  from  that 
of  controls,  our  transgenic  mice  failed  to  respond  to  short-distance  visible 
cues.  This  can  reflect  a  particular  avoidance  behavior.  Alternatively,  it  can  be 
due  to  the  inability  of  these  mice  to  focus  their  eyesight  on  a  nearby  target. 
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This  calls  to  mind  the  differential  response  of  Alzheimer’s  disease  patients  to 
tropicamide  [34].  It  is  possible  that  the  autonomic  control  over  pupil 
constriction  and  eyesight-focusing  muscles  requires  precisely  balanced 
cholinergic  neurotransmission.  It  will  be  intriguing  to  examine  whether 
Alzheimer's  disease  patients  have  more  difficulties  in  focusing  on  nearby 
targets  than  normal  aged  patients. 

Of  particular  interest  are  the  gradual  spatial  memory  deficits  displayed  by  the 
AChE-overexpressing  transgenic  mice  in  the  hidden  platform  water  maze,  as 
opposed  to  their  normal  open  field  behavior.  The  early  adulthood  onset  of 
these  impairments  suggests  that  the  cholinergic  balance  essential  for  spatial 
memory  can  be  sustained  in  the  young  transgenic  mice,  perhaps  by  a  feedback 
mechanisrh  adjusting  other  key  elements  in  cholinergic  synapses.  This  intricate 
process  resembles  the  increase  in  a-bungarotoxin  binding  levels  in  AChE- 
overexpressing  Xenopus  embryos  and  the  reciprocal  AChE  accumulation  in 
neuromuscular  junctions  of  tadpoles  expressing  the  mouse  nicotinic  ACh 
receptor  [11].  In  extension  of  those  observations,  we  now  learn  that  in 
mammals  this  adjustment  of  the  cholinergic  balance  can  only  be  maintained  for 
a  limited  time. 

Several  multileveled  mechanisms  are  known  which  can  be  involved  in 
controlling  CNS  cholinergic  balance.  Various  ACh  receptor  genes  were  shown 
to  share  common  promoter  elements  [35,36].  This  ensures  co-regulation 
through  trans-acting  factors.  Also,  a  single  cis-acting  promoter  controls  the 
production  of  both  the  vesicular  ACh  transporter  and  choline  acetyltransferase 
[37,38].  Gradual  failure  to  maintain  either  or  both  of  these  mechanisms,  or 
others,  may  be  involved  in  the  progressive  changes  observed  in  our  mice. 
Moreover,  the  appearance  of  memory  perturbation  in  the  early  stages  of 
Alzheimer's  disease  may  similarly  signal  the  onset  of  failure  to  sustain 
cholinergic  balance  at  the  precision  levels  required  for  memory.  The  increase 
in  brain  AChE  activity  under  stress  [39]  and  the  heterogeneous  genomic  origin 
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of  Alzheimer's  disease  in  the  vast  majority  of  patients  [2]  may  indicate  that 
failure  to  maintain  cholinergic  balance  can  be  initiated  due  to  variable  causes. 

Whereas  the  phenotypic  differences  observed  in  these  transgenic  mice  are  most 
probably  correlated  with  ACh  hydrolysis,  further  experiments  should  be 
performed  to  explore  correlation  with  the  potential  non-catalytic  functions  of 
AChE,  e.g.  in  cell-cell  interactions  [40,41],  In  either  case,  the  gradual 
impairment  of  learning  and  memory  due  to  AChE  overexpression  is  consistent 
with  the  temporary  partial  improvement  when  anti-AChE  drugs  are 
administered  to  Alzheimer's  disease  patients  [8,9].  Moreover,  preliminary 
differential  PCR  displays  [42,43]  of  mRNA  from  dissected  brain  regions  of 
our  transgenic  mice  already  revealed  age-dependent  transcriptional  changes, 
which  await  characterization.  This  approach  can  unravel  the  target  genes  under 
control.  Testing  the  effects  of  drug  treatments  on  the  progressive 
transcriptional  changes  occurring  in  the  brain  of  these  mice  can  thereafter  lead 
to  development  of  novel  strategies  for  prophylactic  treatment  of 
neurodegenerative  disorders  associated  with  cholinergic  imbalance. 

Finally,  while  AChE-overexpressing  mice  provide  a  model  for  behavioral, 
physiological  and  molecular  aspects  of  cholinergic  imbalance  in  mammals, 
they  also  demonstrate  a  dissociation  between  this  imbalance  and  the  B-amyloid 
deposits  occurring  in  Alzheimer's  disease.  The  possibility  remains  that 
cholinergic  neurons  are  particularly  sensitive  to  the  neurotoxicity  attributed  to 
the  B-amyloid  peptides  [12,13],  in  which  case  the  B-amyloid  transgenic  mice 
should  develop  cholinergic  deficiencies  with  time.  Alternatively,  or  in 
addition,  cholinergic  imbalance  may  lead  to  abnormal  B-amyloid  expression,  in 
which  case  the  AChE  transgenic  mice  should  develop  B-amyloid  deposits  with 
time.  A  third  possibility  is  that  the  linkage  between  the  pathophysiological  and 
the  cognitive  manifestations  in  Alzheimer's  disease  is  unique  to  Homo  sapiens. 
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Expression  of  human  AChE  in  CNS  neurons  of  transgenic  mice  created  spatial 
learning  and  memory  impairments  which  appeared  in  these  mice  shortly  after 
early  adulthood  and  worsened  progressively  thereafter.  In  contrast,  the  open 
field  behavior  of  these  transgenic  animals  remained  normal,  while  their 
responses  to  hypothermia-inducing  drugs  were  decreased  and  their 
performance  in  a  visible  water  maze  test  was  perturbed  in  a  stable  manner, 
from  early  adulthood  onward.  These  findings  suggest  that  subtle  alterations  in 
the  cholinergic  balance  may  cause  physiologically-observable  changes  and 
contribute  to  memory  deterioration  in  at  least  part  of  the  patients  with 
sporadic  Alzheimer's  disease. 
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Materials  and  methods 

Transgenic  mice  production:  Noted  DNAs  were  injected  into  fertilized 
eggs  of  FZB/N  mice  as  previously  described  [19,20].  PCR  amplification  and 
blot  hybridization  of  tail  DNA  samples  verified  integration  of  variable  copy 
numbers  of  the  transgene  into  the  host  genome  of  founder  mice  and  their 

progeny. 

RNA  extraction  and  PCR  amplification:  These  were  performed  as 
detailed  elsewhere  [20],  except  that  the  annealing  temperature  was  69  °C. 
Species-specific  PCR  primers  were  designed  for  human  ACHEmRNA  at 
nucleotides  1522  (+)  and  1797  (-)  in  exons  4  and  6  [24]  and  for  mouse,  at 
nucleotides  375  (-t-)  and  1 160  (-)  in  exons  2  and  3  [21].  Resultant  PCR  products 
(275  and  785  bp,  respectively)  were  electrophoresed  on  agarose  gels. 

In  situ  hybridization:  Wholemount  in  situ  hybridizations  were  performed 
at  65  °C  on  50  jim  thick  4%  paraformaldehyde/  1%  glutaraldehyde-fixed 
sections  of  transgenic  and  control  brains  with  digoxigenin-labeled 
complementary  human  ACHEcRNA.  Detection  was  with  alkaline  phosphatase- 
conjugated  anti-digoxigenin  antibody  (Boehringer/  Mannheim). 

AChE  activity  measurements:  Acetylthiocholine  hydrolysis  levels  v/ere 
determined  following  sucrose  gradient  centrifugation  of  tissue  homogenates 
prior  to  or  following  adhesion  to  human-selective  anti-AChE  monoclonal 
antibodies,  essentially  as  detailed  elsewhere  [24,32]. 

AChE  cytochemical  staining:  Wholemount  cytochemical  staining  of  AChE 
activity  was  performed  on  50  p.m  paraformaldehyde-glutaraldehyde  fixed 
sections  of  brains  essentially  as  detailed  [24],  except  that  incubation  was  for  2 
h.  Electron  microscopy  was  thereafter  performed  on  80  nm  sections  of 
paraformaldehyde-glutaraldehyde  fixed  brain  [24].  Control  experiments,  with 
no  acetylthiocholine  verified  that  these  electron-dense  deposits  were  indeed 
reaction  products  of  in  situ  AChE  catalysis. 

Hypothermic  response  measurements:  Core  body  temperature  was 
measured  rectally  in  mice  with  a  thermocoupled  element  of  1  mm  diameter 
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and  10  mm  length  at  the  noted  times  after  intraperitoneal  injections  of 
paraoxon,  oxotremorine,  nicotine,  8-OH-DPAT  or  clonidine. 

Morris  water  maze  tests:  Mice  were  tested  in  a  60  x  60  x  15  cm  water 
maze  filled  with  1.5  mg/1  powdered  milk,  with  a  submerged  hidden  platform 
in  a  fixed  location  1  cm  below  water  level.  Four  trials  of  up  to  2  min  were 
performed  per  day  for  4  days,  each  initiated  randomly  in  a  different  comer  of 
the  maze.  For  the  visual  platform  test,  water  level  was  lowered  by  2  cm  and  a 
10  cm  high  striped  flag  and  a  7  cm  high  black  cone  were  positioned  on  top  of 
the  now  visible  platform.  Mean  escape  latencies  per  day  (4  sessions)  were 
calculated  for  transgenic  and  sex-  and  age-  matched  controls,  and  statistically 
significant  reductions  of  latencies  were  searched  for  as  compared  with  the  first 
day  values  in  each  section  (one  way  ANOVA,  followed  by  Neuman  Keuls  test). 
Open  field  test:  Mice  were  placed  in  one  corner  of  a  60  x  60  cm  Plexiglas 
box  with  30  cm  high  walls  and  floor  divided  into  144  squares  of  5X5  cm  each. 
Using  these  squares,  the  motion  path  of  the  animals  was  manually  traced  for  5 
minutes,  which  enabled  measurements  of  walking  distance  and  explored  area. 
Grooming  behavior  and  incidence  of  defecations  were  also  noted. 
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Fig.  1  Detection  of  transgenic  ACHEmRNA  and  active  enzyme. 

(A)  Identification  of  human  ACHEmRNA.  RNA  was  extracted  and 
amplified  from  transgenic  (+)  and  control  (-)  cortex  (CO),  brainstem  and 
cerebellum  (BC),  basal  forebrain  (BF)  and  bone  marrow  (BM).  Species- 
specific  PCR  primers  were  designed  for  the  indicated  positions  on  the  schemes 
above.  Resultant  PCR  products  (275  and  785  bp,  respectively)  were 
electrophoresed  on  agarose  gels.  Note  that  expression  of  HpAChE  mRNA  was 
limited  to  the  central  nervous  system. 

(B)  In  situ  hybridization.  Wholemount  in  situ  hybridizations  were 
performed  on  fixed  brain  sections  from  transgenic  and  control  mice.  CAl 
hippocampal  neurons  (HIPPO-CAl)  in  the  transgenic,  but  not  the  control 
section  were  intensely  labeled. 

(C)  Overexpressed  AChE  activity.  Acetylthiocholine  hydrolysis  levels 
were  determined  for  tissue  homogenates  from  control  (C)  and  transgenic  (T) 
mice  after  sucrose  gradient  centrifigation  prior  to  (clear  areas)  or  following 
adhesion  to  human-selective  anti-AChE  monoclonal  antibodies  (shaded  area). 
Vertical  arrows  denote  sedimentation  of  an  internal  marker,  bovine  catalase 
(11.4  S). 

Fig.  2.  Neuronal  localization  of  AChE. 

A  to  D:  Cells  expressing  AChE.  Wholemount  cytochemical  staining  of 
AChE  activity  was  performed  on  fixed  sections  of  control  (A,  C)  and 
transgenic  (B,  D)  brains.  Neuronal  cell  bodies  in  caudate-putamen  (CP), 
globus  pallidus  (GP)  (A,  B)  and  hippocam.pal  regions  CA2  and  CA3  (C,  D) 
were  stained  more  intensely  in  transgenic  than  in  control  brain.  Size  bars= 
1mm  (A,B)  or  100  pm  (C,D). 

E,  F:  Dendritic  accumulation  of  AChE.  Cytochemical  staining  of  AChE 
activity  and  electron  microscopy  were  performed  on  fixed  brain  sections 
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including  axo-dendritic  terminals.  Excess  electron  dense  reaction  products 
appeared  as  grains  within  dendrites  (round  structures)  in  transgenic  brain  (F) 
as  compared  with  low  density  labeling  in  the  control  brain  (E).  Size  bar=  0.5 
|im. 


Fig.  3.  Transgenic  mice  display  reduced  hypothermic  responses  to 
cholinergic  and  serotonergic,  but  not  adrenergic  agonists. 

Core  body  temperature  was  measured  in  5  to  7  month  old  control  and 
transgenic  mice  at  the  noted  times  after  intraperitoneal  injections  of  the 
marked  doses  of  paraoxon  (A,  B),  oxotremorine  (C),  nicotine  (D),  8-OH- 
DPAT  (E)  or  clonidine  (F).  Presented  are  average  data  for  5  (A,  F)  or  4 
male  and  female  mice  (C,  D,  E)  or  one  representative  pair  out  of  3  tested 
(B).  Note  different  time  and  temperature  scales.  Temperatures  of  transgenics 
at  all  time  points  after  10  min  from  injection  were  statistically  different  from 
those  of  controls  for  oxotremorine,  nicotine  and  8-OH-DPAT  (  student's  t  test, 
p  <  0.05).  Open  circles:  control  mice,  filled  circles:  transgenic  mice. 

Fig.  4.  Progressive  impairment  in  spatial  learning  and  memory  of 
HpACHE  transgenic  mice. 

Mice  were  tested  in  a  water  maze  with  a  hidden  platform  in  a  fixed  location. 
Means  of  daily  mean  escape  latencies  are  presented  for  4  week  old  transgenic 
(n  =  10)  and  control  (n  =  5)  mice  (A),  2  months  old  transgenic  (n  =  10)  and 
control  (n  =  10)  mice  (B)  and  6  to  7  months  old  transgenic  (n  =  9)  and  control 
(n  =  11)  mice  (C).  Stars  note  statistically  significant  reductions  of  latencies,  as 
compared  with  the  first  day  values  in  each  section  (one  way  ANOVA,  followed 
by  Neuman  Keuls  test,  p<0.02). 
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Table  I:  Human  AChE  activities  in  tissues  of  control  and 
transgenic  mice 


AChE  activitylO 

Transgenic 

Control 

Tissue 

Total 

Bound  to 

Total 

Bound  to 

antibodies^) 

antibodies^) 

Central  nervous 
system 

basal  forebrain 

402  ±  25 

201 

187  +  30 

0 

cortex 

283  ±  18 

119 

235  ±  12 

0 

brainstem  and 
cerebellum 

95  ±  36 

30 

88  ±  25 

0 

spinal  cord 

255 

82 

208 

0 

Other 

adrenal  gland 

25 

0 

24.6 

0 

bone  marrow 

13.4  ±  0.3 

0 

17.1  ±  2.3 

0 

(1) Catalytic  activities  (nmol  acetylthiocholine  hydrolyzed/min/mg  protein) 
were  determined  for  detergent-solubilized  homogenates  as  detailed  [24], 
Values  are  averages  of  3  experiments  with  standard  deviation,  except  for 
spinal  cord  and  adrenal  gland  where  single  experiments  are  presented. 

(2) Activity  after  binding  to  human  AChE-specific  monoclonal  antibodies 
[24]. 
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Table  II:  AChE  overexpression  does  not  modify  length  of  axo-dendritic 
synapses  in  the  anterior  hypothalamus  of  transgenic  mice. 


Parameters 

Controls 

Transgenics 

p  (Student's  t  test) 

Number  of 
synapses  4) 

32 

12 

Electron-dense 
deposits/|im2  (2) 

3.4  ±  3.2 

6.5  ±  4.0 

p<  0.02 

Post-synaptic 
length  in  }im  (3) 

0.8  ±0.3 

0.7  ±  0.2 

ns 

(')  Electron  microscopy  and  cytochemical  staining  of  anterior  hypothalamus  tissue 
were  as  previously  described  [24]  with  modifications  detailed  under  Materials  and 
methods.  Average  values  ±  standard  deviations  are  presented. 

(2)  Only  dendritic  electron-dense  deposits  with  rigid  limits,  reflecting  crystal 
structures,  were  counted. 

(3)  Post-synaptic  length  was  measured  only  for  those  synapses  associated  with 
acetylthiocholine  reaction  products  (i.  e.  cholinergic  synapses).  For  a  representative 
example,  see  Fig.  2C. 
ns  =  non  significant. 


Table  III:  Selective  behavioral  deficits  in  ACliE-transgenic  mice 
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Notes  to  table  III 


(1)  Noted  are  average  escape  latencies  ±  standard  deviations  at  day  4  of  a  Morris  water  maze 
test. 

(2)  Explorative  behavior  in  the  open  field  test  was  evaluated  by  measuring  the  percentage  of 
open  field  space  explored  out  of  0.36  m2  and  the  distance  covered  in  5  minutes.  Note  no 
significant  difference  in  both  parameters  between  transgenics  and  controls. 

(3)  Open  field  tests  were  performed  as  described  in  methods.  Defecation  and  grooming  events, 
accepted  signs  of  open  field  anxiety,  were  noted. 
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ABSTRACT 

Background:  In  search  of  the  molecular  basis  of  adverse  responses  to  anti-cholinesterases 
(anti-ChEs),  we  have  studied  the  family  of  an  Israeli  soldier  who  suffered  various  symptoms 
under  prophylactic  dosage  of  pyridostigmine  during  the  Gulf  War,  following  a  previous 
incident  of  succinylcholine  post-anesthesia  apnea.DNA  analyses  identified  this  patient  as 
being  homozygous  for  the  "atypical"  allele  of  serum  butyrylcholinesterase  (BuChE),  and  his 
parents  and  sister  as  heterozygous  carriers.  This  raised  the  possibility  that  his  adverse 
symptoms  were  related  to  his  BCHE  genotype. 

Methods:  Serum  BuChEs  from  the  soldier,  his  father  and  individuals  homozygous  for  normal 
BuChE  were  subjected  to  inhibition  by  several  anti-ChEs,  either  in  solution  or  immobilized 
via  antibodies.  Recombinant  normal  and  "atypical"  human  BuChE  and  acetylcholinesterase 
(AChE),  were  tested  separately  or  in  mixtures  mimicking  the  heterozygous  state. 

Results:  Both  native  and  recombinant  "atypical"  BuChEs  were  significantly  less  sensitive 

than  normal  BuChE  to  several  anti-ChEs:  tetrahydroaminoacridine  (THA,  tacrine,  Cognex  ), 
the  reversible  AChE  inhibitor  recently  approved  for  treatment  of  Alzheimer's  disease  (by  two 
orders  of  magnitude)  and  the  carbamates,  pyridostigmine,  physostigmine,  heptyl 
physostigmine,  and  SDZ-ENA  713  (by  2.5-,  15-,  14-,  and  30-fold,  respectively).  Moreover, 
tacrine,  SDZ-ENA  713,  and  heptyl  physostigmine  all  reacted  with  AChE  with  lower  affinity 
and/or  far  slower  than  with  both  native  and  recombinant  normal,  yet  not  with  "atypical" 
BuChE. 

Conclusions:  These  findings  imply  that  AChE  is  a  particularly  vulnerable  target  for  anti- 
ChEs  in  individuals  homozygous  for  the  "atypical"  BCHE  allele  (up  tq  0.6%  of  some 
populations).  This  may  explain  the  effect  of  the  drug  on  some  of  the  soldiers  treated  with 
pyridostigmine  and  on  some  of  the  Alzheimer's  patients  treated  with  tacrine  who  responded 
adversely,  and  suggest  particular  serum  and  DNA  tests  to  identify  individuals  at  risk  for  such 
responses. 

key  words:  acetylcholinesterase,  Alzheimer's  disease,  anti-cholinesterase,  "atypical" 
butyrylcholinesterase,  pyridostigmine,  tacrine 
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INTRODUCTION 

The  clinical  uses  of  anti-cholinesterases  (anti-ChEs)  have  recently  been  extended  in  two 
circumstances,  involving  large  numbers  of  subjects.  First,  during  the  1991  Gulf  War  the 
carbamate,  pyridostigmine  was  administered  prophylactically  to  over  400,000  soldiers  in 
anticipation  of  nerve  agent  attacks,  with  the  intention  of  transiently  blocking,  and  thus 
protecting,  a  fraction  of  their  nervous  system  acetylcholinesterase  (AChE,  EC  3.1.1.7)(1,  2). 
More  recently,  the  reversible  cholinesterase  (ChE)  inhibitor,  tetrahydroaminoacridine  (THA, 
tacrine,  Cognex®)  was  approved  for  use  in  patients  with  Alzheimer's  disease,  who  suffer 
from  massive  degeneration  of  cholinergic  neurons  (3),  for  the  purpose  of  enhancing  the 
availability  of  acetylcholine  at  synapses  and  improving  residual  cholinergic 
neurotransmission  in  these  patients.  Adverse  symptoms  were  reported  in  a  subset  of 
individuals  in  both  groups  (4-7),  including  responses  associated  with  the  cholinergic 
syndrome,  such  as  nausea,  and  also  depression,  general  fatigue,  insomnia,  and  weight  loss. 
However,  these  are  only  a  few  of  many  symptoms  in  a  complex  and  diverse  list. 
Interpretation  of  these  symptoms  is  complicated  by  incomplete  medical  records  (4)  and  the 
stressful  situation  experienced  by  the  first  group  and  the  generally  bad  condition  of  the  aging 
patients  from  the  second  group.  To  identify  the  molecular  basis  of  these  adverse  responses  to 
anti-ChEs  in  of  the  treated  individuals,  we  have  focused  on  the  enzyme  targets  of  these 
agents. 

Anti-ChEs  have  been  designed  primarily  as  selective  AChE  inhibitors.  However,  many  of 
these  drugs  also  interact  quite  efficiently  with  the  closely  related  serum  enzyme 
butyrylcholinesterase  (BuChE,  EC  3. 1.1.8).  In  fact,  some  consider  one  of  BuChE’s  biological 
roles  to  be  a  scavenger  of  natural  anti-ChEs  (for  a  recent  review  see  ref.  8).  This  scavenging 
capacity,  in  turn,  may  depend  on  BuChE’s  genetic  variation.  There  are  over  20  known  allelic 
variants  of  BCHE  (the  gene  encoding  BuChE),  some  enzyme  products  of  which  display 
altered  interactions  with  certain  inhibitors  (9-1 1).  In  contrast,  no  allelic  variant  with  modified 
biochemical  properties  is  known  for  AChE,  perhaps  because  the  fully  active  enzyme  is 
absolutely  essential  to  cholinergic  neurotransmission.  This  raised  the  possibility  that  reduced 
scavenging  capacities  led  to  the  adverse  symptoms  experienced  by  some  patients  undergoing 
anti-ChE  therapies,  and  that  these  capacities  are  rooted  in  the  genetic  polymorphism  of 
BuChE. 

The  most  common  allele  of  BCHE  that  has  a  variant  phenotype  is  the  substitution  of 
aspartate  at  position  70  by  glycine.  This  allele  is  known  as  the  "atypical"  BCHE  variant  (9, 
12,  13).  The  average  allele  frequency  of  this  variant  is  under  2%  in  Europe  (14)  but  up  to 
7.5%  in  some  sub-populations  originating  in  the  Middle  East  (15),  which  indicates  that 
1:2,500  and  1:180,  respectively,  among  these  populations  will  be  homozygous  for  the 
mutation.  The  variant  is  much  less  frequent  in  other  populations,  such  as  sub-Saharan 
Africans  (14). 

The  "atypical"  variant,  in  contrast  to  the  normal  enzyme,  is  unable  to  hydrolyze 
succinylcholine,  and  is  much  less  sensitive  to  several  inhibitors:  physostigmine  (16)  and 
several  organophosphates,  including  diisopropylfluorophosphonate  (DFP),  tetraisopropyl 
pyrophosphoramide  (iso-OMPA),  and  diethoxyphosphinylthiocholine  (echo’thiophate)  (8,  10, 
17).  Homozygous  carriers  of  this  variant  allele  were  reported  to  be  particularly  sensitive  to 
succinylcholine  at  surgery,  which  causes  in  them  post-anesthesia  apnea  (18).  They  also 
display  hypersensitivity  to  the  insecticide  parathion  (reviewed  in  ref.  19).  Individuals 
carrying  this  allele  would  hence  be  logical  candidates  for  adverse  effects  of  anti-ChE 
therapies.  This  issue  arose  when  we  learned  of  an  individual  who  had  experienced  both 
succinylcholine-induced  apnea  and,  during  the  Gulf  War  under  treatment  with 
pyridostigmine,  cholinergic  symptoms.  The  succinylcholine  incident  indicated  the  variant 
allele,  and  we  suspected  that  the  cholinergic  symptoms  reflected  the  patient's  response  to 
anti-ChE  therapy  and  might  have  the  same  genetic  basis.  Therefore,  we  initiated  a  study  of 
the  interaction  of  ChE  inhibitors  in  clinical  use  or  testing,  with  serum  ChEs  from  members  of 
this  subject’s  family,  and  compared  these  results  with  studies  using  the  enzyme  from  non¬ 
variant  semm  and  with  recombinantly  produced  variant  ChEs. 
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METHODS 

All  procedures  followed  were  in  accord  with  the  Helsinki  Declaration  as  revised  in  1983  and 
with  local  Institutional  guidelines  for  the  care  and  use  of  laboratory  animals. 

Patients  and  methods:  A.B.  (name  and  details  in  hospital  Medical  Records),  bom  in  1970, 
was  first  referred  to  us  in  1989  following  an  incident  of  post-anesthesia  apnea.  Anesthesia 
was  induced  by  Na  pentothal  (250  mg)  and  succinylcholine  (75  mg).  During  anesthesia 
benzodiazepam  (5  mg),  petidine  (50  mg),  beatryl  (0.1  mg)  and  atropine  (0.5  mg)  were 
administered.  After  3^0  min  of  surgery  (closed  reduction  of  bilateral  tibial  fractures), 
mechanical  respiration  was  continued  for  5  hr  due  to  failure  to  breathe  spontaneously. 
During  this  period  the  electrocardiogram  and  pulse  remained  normal,  mean  blood  pressure 
was  130:80  and  blood  glucose,  urea,  Na  and  K  values  were  normal.  Hemoglobin  count  was 
12  g/dl,  with  slight  leukocytosis  prior  to  surgery  (14,000  cells/dl),  yet  with  normal 
temperature.  One  day  after  surgery,  the  BuChE  dibucaine  number  (16)  was  determined  to  be 
23%  of  normal.  A.B.  was  released  following  9  days  of  uneventful  hospitalization.  We  then 
found  his  serum  BuChE  to  have  approximately  30%  of  normal  capacity  for 
butyrylthiocholine  (BTCh)  hydrolysis  and  no  capacity  for  binding  succinylcholine, 
suggesting  that  it  was  the  "atypical"  enzyme  (9,  12,13).  Following  PCR  amplification, 
SaidllA  restriction  and  direct  sequencing  of  the  corresponding  region  from  the  BCHE  gene 
isolated  from  his  venous  blood  DNA  by  established  techniques  (15),  A.B.  was  diagnosed  as 
being  homozygous  for  the  "atypical"  allele,  but  not  a  carrier  of  other  frequent  point 
mutations  of  BuChE.  The  same  methods  revealed  that  both  his  parents  and  his  sister  were 
heterozygous  carriers  of  the  "atypical"  BCHE  allele.  The  patient  was  advised  to  avoid  anti- 
ChE  drugs  or  insecticides.  A.B.  served  in  the  Israel  Defense  Forces  in  1991,  during  the 
period  of  the  Gulf  War  and,  with  others,  thrice  daily  received  30  mg  prophylactic  doses  of 
pyridostigmine.  He  developed  nausea,  insomnia,  weight  loss,  and  general  fatigue,  which 
worsened  consistently,  and  a  deep  depression.  Following  discontinuation  of  pyridostigmine, 
his  condition  improved  gradually  over  the  following  weeks  and  A.B.  is  currently  without 
symptoms. 

Variant  enzymes:  Serum  BuChE  activity  against  BTCh  was  measured 
spectrophotometrically  as  detailed  previously  (10,  13).  Recombinant  normal  and  "atypical" 
BuChEs  were  produced  in  Xenopus  oocytes  microinjected  with  in  vftro-transcribed 
BCHEmRNAs  prepared  from  the  corresponding  cDNA  types  (10).  Alternative  recombinant 
AChEs  were  produced  in  ACHEDNA-injected  oocytes  under  control  of  the  cytomegalovirus 
(CMV)  promoter,  using  either  the  brain-characteristic  3'-exon  6  (20)  or  the  blood  cell- 
expressed  domain  composed  of  the  fourth  pseudo-intron  and  the  3'-exon  5  (21). 

Inhibitors:  Tacrine  and  physostigmine  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis, 
MO).  SDZ-ENA  713  and  heptyl  physostigmine  were  gifts  of  Sandoz  (Bern,  Switzerland)  and 
Merck  Sharp  &  Dohme  (Harlow,  U.K.),  respectively.  Pyridostigmine  bromide  was  from 
Research  Biochemicals  International  (Natik,  MA). 

Antibody  immobilizations:  Monoclonal  mouse  anti-human  serum  BuChE  (no.  53-4)  or  anti¬ 
human  AChE  (no.  101-1),  4  |i.g/ml,  were  adsorbed  to  multiwell  microtiter  plates  overnight  at 
4  °C  in  carbonate  buffer  (22).  Free  binding  sites  were  blocked  with  PBS-T  buffer  (144  mM 
NaCl,  20  mM  Na  phosphate,  pH  7.4,  0.05%  Tween  20,  and  0.01%  thimerosal)  for  60  to  80 
min  at  37  °C.  Homogenates  of  microinjected  oocytes  or  serum  samples  wete  diluted  1:20  to 
1:40  in  PBS-T  to  achieve  similar  activity  levels  and  were  incubated  in  the  antibody-coated 
wells  for  4  hr  at  room  temperature  with  agitation,  and  overnight  at  4  °C.  Plates  were  washed 
3  times  with  PBS-T  prior  to  use. 

Inactivation  and  reactivation  measurements:  ICjq  values  were  determined  essentially  as 
described  (23),  assaying  soluble  enzyme  in  the  presence  of  tacrine  against  1  mM 
acetylthiocholine  (ATCh).  For  inactivation  and  reactivation  by  carbamates,  antibody- 
immobilized  enzymes  were  exposed  to  the  tested  anti-ChE  in  PBS-T  buffer  for  varying  times 
(0.5  to  80  min)  at  room  temperature  following  an  initial  determination  of  catalytic  activities. 
At  the  noted  times,  plates  were  washed  3  times  with  PBS-T  and  remaining  substrate 
hydrolysis  rates  were  determined  (23).  Spontaneous  reactivation  at  room  temperature  was 
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measured  for  immobilized  recombinant  ChEs  following  complete  inhibition,  3  washes  with 
PBS-T,  subsequent  incubation  and  activity  determination  at  the  noted  times. 

Specific  activity:  To  determine  enzyme  quantities,  BuChE  immobilized  via  mouse  anti- 
human  serum  BuChE  (no.  53-4)  was  incubated  with  a  rabbit  anti-human  polyclonal 
antiserum  (Dako,  Glostrup,  Denmark)  at  1:4,000  dilution  in  PBS-T  for  70  to  80  min  at  37  C. 
After  washing  with  PBS-T,  horseradish  peroxidase-conjugated  goat  anti-rabbit  antibody 
(Jackson  Laboratory,  Bar  Harbor,  ME)  was  added  at  1:10,000  dilution  in  PBS-T.  Peroxidase 
activity  was  thereafter  assayed  using  o-phenylenediamine  dihydrochloride  at  1  mg/ml  in  0.05 
M  phosphate/citrate  buffer,  pH  5.0,  with  0.03%  Na  perborate.  Purified  human  BuChE  was 
used  for  calibration  and  change  of  absorbance  at  450  nm  was  recorded  on  a  Molecular 
Devices  (Menlo  Park,  CA)  microtiter  plate  reader. 

RESULTS 

We  first  examined  BuChE  from  sera  of  A.B.  and  his  father,  previously  identified  as 
homozygous  and  heterozygous  carriers  of  the  "atypical"  BCHE  allele,  respectively.  We  then 
compared  these  enzymes  to  BuChEs  from  individuals  homozygous  for  the  normal  BCJffi 
allele.  To  analyze  on  a  micro  scale  the  interactions  of  covalently  interacting  inhibitors  with 
ChEs,  we  immobilized  native  human  BuChEs  through  monoclonal  antibodies  to  multiwell 
microtiter  plates.  For  reference,  we  also  immobilized  recombinant  Xenopus  oocyte-produced 
variant  ChEs,  including  normal  and  "atypical"  BuChEs  (13)  and  brain-  and  blood  cell- 
characteristic  AChEs  (21).  The  enzymes,  immobilized  in  multiwell  plates,  were  subjected  to 
inactivation  by  an  anti-ChE.  By  this  procedure  inhibition  rates  could  be  conveniently 
determined,  unbound  inhibitors  could  be  removed  prior  to  activity  measurements,  and 
amounts  of  the  enzyme  could  be  determined  for  each  sample.  In  some  experiments  enzymes 
were  allowed  to  spontaneously  reactivate  following  inhibition. 

Normal  enzyme  hydrolyzed  81  ±  23  nmol  BTCh/hi/p.1  serum  (assayed  at  2  mM  substrate,  an 
average  from  20  individuals),  while  the  activity  of  "atypical"  BuChE  was  found  to  be  about 
3-fold  lower  in  A.B.'s  serum,  which  contained  a  normal  amount  of  enzyme  protein.  This  is  in 
agreement  with  values  obtained  previously  for  other  patients  homozygous  for  the  "atypical" 
allele  (18).  Recombinant  "atypical"  and  normal  BuChEs  also  confirmed  this  difference  in 
specific  activities  (13).  Heterozygotes  presented  intermediate  specific  activities,  60-70%  of 
normal  homozygotes  (average  of  3  genetically  confirmed  individuals).  Thus,  carriers  of  the 
"atypical"  allele  have  a  less  active  BuChE,  although  they  carry  amounts  of  serum  BuChE 

protein  (approx.  20  ng/pl)  similar  to  individuals  with  the  normal  enzyme. 

To  test  the  interactions  of  "atypical"  BuChE  with  various  anti-ChEs,  in  1994  we  prepared 
fresh  serum  samples  from  A.B.'s  peripheral  blood  and  from  his  heterozygous  father.  Serum 
from  genetically  diagnosed  normal  homozygotes  served  for  comparison.  Inactivation 
measurements  demonstrated  that  "atypical"  BuChE  reacts  much  slower  than  does  its  normal 
counterpart  with  four  carbamates,  pyridostigmine  (1),  physostigmine  (24),  heptyl 
physostigmine  (25)  and  SDZ-ENA  713  (26)  (Fig.  lA).  Moreover,  differences  between  the 
serum  enzyme  of  the  heterozygous  father  and  that  of  homozygous  normal  sera  were  also 
evident  in  the  inactivation  rates.  Both  these  effects  varied  with  the  particular  inhibitor  being 
tested.  For  example,  "atypical"  BuChE  displayed  a  decrease  of  approx.  40%  in  its  activity 
when  incubated  with  SDZ-ENA  713  for  30  min,  as  compared  with  an  95%  loss  of  activity  in 
the  normal  enzyme  at  this  time,  and  with  80%  in  the  enzyme  from  heterozygous  serum  (Fig. 
lA).  The  loss  and  rate  of  loss  of  BuChE  activity,  thus,  depend  significantly  on  the 
individual's  genotype.  To  evaluate  the  actual  scavenging  capacity  of  each  enzyme  type  for 
the  various  drugs,  we  took  into  account  the  reduced  specific  activity  of  the  “atypical”  protein 
and  calculated  amounts  of  inactivated  enzyme  per  volume  serum  as  a  function  of  time.  These 
calculations  reveal  drastically  different  capacities  for  scavenging  each  of  the  tested  drugs  in 
sera  of  individuals  with  the  normal  and  the  "atypical"  alleles,  as  illustrated  in  Fig.  IB. 

To  examine  whether  such  genetic  predisposition  to  altered  drug  interactions  can  also  be 
expected  for  the  reversible  Alzheimer's  disease  drug,  tacrine  (27),  we  determined  the  IC50 
values  for  this  drug  (Fig.  2A  and  Table  1).  To  test  whether  the  observed  differences  were 
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indeed  due  to  the  examined  point  mutation,  similar  dose-dependence  curves  were  also 
prepared  for  recombinant,  Xenopus  oocyte-produced  normal  and  "atypical  monomeric 
BuChE.  To  mimic  the  heterozygous  state,  1:1  mixtures  of  the  normal  and  the  "atypical" 
enzyme  were  tested  (equal  volumes  of  oocyte  homogenates,  which  was  close  to  equal 
amounts  of  the  ChEs)  (Fig.  2B).  In  both  cases,  we  observed  a  drastic  reduction  in  the 
capacity  of  "atypical"  BuChE,  as  compared  with  the  normal  enzyme,  to  interact  with  tacrine. 
Mixtures  of  normal  and  "atypical"  enzyme,  whether  from  the  heterozygous  sera  or  prepared 
by  genetic  engineering,  yielded  the  expected  intermediary  inhibition  curves  (Fig.  2B).  As  the 
oocyte-produced  enzyme  remains  primarily  monomeric  (19),  these  differences  were 
apparently  not  affected  by  multisubunit  assembly.  Also,  competition  between  the  two  types 
of  enzyme  subunits,  which  might  differ  between  the  native  and  recombinant  states,  was 
apparently  ineffective  with  respect  to  tacrine  interactions.  Thus,  for  tacrine  as  well,  one 
might  expect  drastically  different  scavenging  capacities  of  serum  BuChE,  depending  upon 
the  genotype  of  the  individual.  For  example,  in  the  presence  of  1  |lM  tacrine,  nonnal  BuChE 
is  completely  inhibited  whereas  the  "atypical"  enzyme  shows  virtually  no  inhibition,  and  sera 
from  heterozygotes  show  intermediate  levels  of  activity. 

To  search  for  the  molecular  basis  of  the  differing  interactions  of  tacrine  with  AChE  and  the 
normal  and  the  "atypical"  BuChEs,  we  referred  to  the  3-dimensional  structures.  Within  the 
computer-modeled  structure  of  human  BuChE  (28),  Asp70  emerges  close  to  the  rim  of  the 
active  site  gorge  (Fig.  3,  top),  where  it  can  contact  approaching  ligands  prior  to  their  entrance 
to  the  active  site  itself.  Expansion  of  the  relevant  amino  acid  residues  in  human  BuChE  (Fig. 
3,  bottom  left),  as  compared  with  the  corresponding  crystal  region  in  tacrine-soaked  Torpedo 
AChE  (ref.  29;  Fig.  3,  bottom  right),  reveals  that  Phe330,  one  of  the  AChE  residues  quite 
close  to  tacrine  is  substituted  by  Ala328  in  BuChE.  This  is  reflected  in  tacrine's  slightly 
smaller  IC5Q,  0.05  mM  for  BuChE  vs.  0.15  mM  for  AChE  in  normal  BuChE.  Also,  the 
distance  from  the  AspVO  carboxyl  group  to  the  tacrine  anilinic  nitrogen  is  only  3.7  A, 
indicating  the  possibility  of  a  salt  bridge.  This  interaction  is  removed  in  "atypical"  BuChE, 
reflected  in  a  two  orders  of  magnitude  increase  in  tacrine's  IC50  (Table  1). 

In  addition  to  inactivation  and  removal  rates  and  to  general  hemodynamic  parameters,  the 
dynamic  level  of  drug  concentrations  in  a  patient's  semm  depends  on  the  rate  of  reactivation 
of  drug-enzyme  complexes.  To  get  a  more  complete  picture  of  the  expected  outcome  of 
treating  genetically-distinct  individuals  with  anti-ChEs,  we  also  used  the  antibody- 
immobilized  recombinant  enzymes  to  follow  spontaneous  rates  of  reactivation  for  each  of  the 
examined  drugs  (Fig.  4).  These  measurements  revealed  considerable  differences  among 
drugs  and  between  AChE  and  BuChE  reactivation  rates  for  each  drug.  However,  for  no  drug 
was  there  a  dramatic  difference  between  the  blood  and  brain  forms  of  AChE  or  between 
normal  and  "atypical"  BuChE  (Fig.  4).  Of  the  examined  drugs,  pyridostigmine  reactivation 
reached  40  and  10%  for  AChE  and  BuChE,  respectively,  within  50  min.  These  reactivation 
rates  for  AChE  were  considerably  lower  than  those  determined  for  physostigmine,  an  effect 
reflected  in  the  short  in  vivo  half  life  of  this  drug  (30,  31).  While  physostigmine-inhibited 
AChE  reactivated  up  to  90%  in  45  min,  in  that  time  normal  and  "atypical"  BuChE  regained 
only  10  or  20%  of  their  original  activities.  Reactivation  of  both  heptyl  physostigmine- 
inhibited  BuChE  forms  was  et  slower,  and  it  could  reactivate  by  only  10%,  while  AChE 
reactivation  wasas  low  as  5%.  Finally,  SDZ-ENA  713  reactivation  levels  for  all  of  the 
examined  enzymes  never  exceeded  8%  within  one  hour  (Fig.  4).  In  view  of  the  correlation 
with  published  in  vivo  half-lives  (32),  we  conclude  that  combined  inactivation  (Table  2)  and 
reactivation  (Fig.  4)  rates  determined  in  vitro  for  the  recombinant  and  native  enzymes,  may 
together  predict  the  fate  of  these  drugs  in  patients’  sera  in  vivo. 

DISCUSSION 

The  current  family  study  and  recombinant  enzyme  analyses  predict  that  anti-ChE  therapies 
may  cause  adverse  reactions  in  some  individuals,  depending  on  their  BCHE  genotype.  This 
possibility  becomes  an  urgent  issue  in  view  of  the  recent  large  scale  use  of  pyridostigmine  in 
soldiers  on  the  one  hand  (1,2,  33),  and  the  use  of  tacrine  for  Alzheimer's  disease  patients  on 
the  other  (3,  6,  34). 
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Our  study  was  conducted  with  antibody-immobilized  ChEs,  which  enabled  us  to  stop  the 
inactivation  or  reactivation  processes  at  any  given  time,  remove  excess  in^bitor,  and 
measure  ChE  activities  for  obtaining  correct  rates  of  these  processes.  While  this  approach 
does  not  take  into  consideration  pharmacodynamics,  it  does  provide  accurate  values  for  me 
target  molecule,  i.e.  the  human  ChEs  themselves.  In  previous  studies,  in^bition  levels  but 
not  rates  of  inhibition  were  determined,  and  activities  were  assessed  m  the  presence  of  the 
inhibitors,  which  change  them.  A  second  major  feature  distinguishing  our  study  froro 
previous  ones  is  the  comparison  with  human  recombinant  ChEs.  Inhibition  observed  for 
immobilized  serum  enzymes,  as  confirmed  with  the  recombinant  enzyme,  may  with 
confidence  be  taken  as  a  true  interaction  of  inhibitor  and  enzyme. 

The  recent  administration  of  pyridostigmine  bromide  to  over  400,000  Gulf  soldiers  was 
nrobably  the  largest  scale  ever  use  of  an  experimental  drug  (35),  approved  because  of  the 
anticipated  exposure  of  those  soldiers  to  nerve  agents  (2).  Previous  clinical  studies  with  this 
drug  on  healthy  volunteers,  who  showed  no  adverse  effects  had  been  lirmted  to  small 
numbers  of  healthy  males  and  to  only  several  days  exposure  (e  g.  ref.  33).  Thus  the  Gulf 
War  presents  the  first  real-life  experience  with  this  anti-ChE.  The  wm  conditions  included 
concurrent  exposure  to  insecticides,  chiefly  organophosphorus  anti-ChEs  (4),  which  further 
increased  the  level  of  ChE  inhibition  in  these  soldiers  to  an  unknown  extent.  It  is  thus 
possible  that  the  total  ChE  inhibition  levels  in  these  soldiers  sometimes  exceeded  those 
planned  even  for  normal  individuals.  In  homozygotes  and  possibly  in  heterozygous  carriers 
of  the  "atypical"  BCHE  allele,  the  capacity  of  blood  BuChE  to  interact  with  and  detoxify 
some  of  the  drug  would  be  significantly  lower  (Fig.  IB),  resulting  in  larger  effective  doses. 
While  heterozygotes  still  possess  about  50%  of  this  normal  protective  detoxifier,  atypmal 
homozygotes  have  practically  none.  These  would  hence  become  most  vulnerable  to  ChE 
inhibition  under  treatment  by  any  anti-ChE  dmg. 


Pyridostigmine  is  not  the  only  anti-ChE  that  may  provoke  an  adverse  response,  as  is 
demonstrated  by  our  analyses  of  several  Alzheimer's  disease  drugs.  All  of  these  drugs 
emerged  as  much  faster  inactivators  of  BuChE  than  of  AChE,  suggesting  th^  \^en  orally 
administered  to  patients,  these  drugs  will  interact  primarily  with  plasma  BuChE.  Ihe 
clinically  effective  dose  reaching  the  central  nervous  system  depends  heavily,  therefore,  on 
the  BCHE  genotype.  Even  without  the  complication  of  BCHE  polymorphism,  BuChE  levels 
can  vary  with  the  general  state  of  health  (14).  Since  Alzheimer's  patients  are  far  froin  being 
as  healthy  as  the  pyridostigmine-treated  soldiers,  they  may  present  yet  more  drastic 
symptoms  in  response  to  inappropriate  dosage  of  anti-ChEs.  Moreover,  these  patients  ^e 
usually  unable  to  communicate  their  difficulties,  so  that  discrimination  between  effects  of  the 
drug  and  symptoms  of  the  disease  depends  solely  on  the  subjective  observations  of  a 
caretaker. 


Our  analyses  predict  different  effects  of  the  "atypical"  genotype  on  individual  responses  to 
several  Alzheimer’s  drugs.  With  all  of  the  tested  carbamates,  significant  differences  are  to  be 
expected  in  homozygous  "atypicals",  and  less  so  in  heterozygotes,  due  to  the  over  10-fold 
differences  in  the  inactivation  rates  by  these  drugs  of  normal  and  "atypical  BuChE.  in 
addition  to  the  0.04  to  0.6%  homozygotes  among  the  treated  populations,  difficulties  may 
also  be  predicted  for  those  heterozygotes  suffering  from  liver  malfunction  and  reduced 
BuChE  levels  from  other  causes.  The  situation  would  be  exacerbated  under  treatment  with 
tacrine.  This  drug  reacts  with  "atypical"  BuChE  so  much  more  weakly  than  with  its  nomial 
counterpart  that  the  "atypical"  enzyme  becomes  a  negligible  factor  in  attenuating  its 
interaction  with  AChE.  Under  these  circumstances  even  heterozygotes  might  show  adverse 
responses,  as  their  AChE  levels  would  be  reduced  because  of  lack  of  scavenger  under  doses 
that  cause  no  reduction  in  homozygous  normals.  The  reported  high  percentage  of  cholinergic 
symptoms  under  tacrine  treatment  (up  to  15%)  may  perhaps  reflect  such  heterozygotes  and, 
in  addition,  patients  with  liver  malfunction  and  consequently  with  low  serum  BuChE  levels. 


In  addition  to  short-term  effects,  long-term  adverse  consequences  of  treatment  with  either 
type  of  anti-ChE  may  be  associated  with  the  "atypical"  BCHE  genotype.  These  possibilities 
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hp  easily  tested  Combined  genotype/phenotype  tests  for  "atypical"  BCHE/BuChE  are 
Wable  (9^15  18)  and  are  relatively  simple  to  perform.  If  indeed  the  genotype  of  pabents 
avaiiaDi  v  ’  ’  ^  omti  PhPfc  we  nredict  based  on  the  above  experiments,  the 

fnddencrof  the  Atypical"  BCHE  allele  should  be  significantly  higher  among  Alzheii^r's 
natients  with  adverse  short-  and/or  long-term  reactions  to  tacrine  and  among  veterMS 
experienced  adverse  effects  to  pyridostigmine.  Should  this  be  the  case, 
of  Aese  drugs  might  be  adjusted  to  match  specific  genotypes,  for  the  purpose  of  avoid  g 

these  adverse  responses. 
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LEGENDS  FOR  HGURES 

Fig.  1.  Inhibition  of  BuChE  in  human  sera  by  carbamate  anti-ChEs.  A.  Percent  original 
activity  as  a  function  nf  time  of  exposure  to  4  carbamates.  In  a  representative  experiment,  the 
activities  of  immobilized  ChEs  were  determined  in  10  mM  BTCh  following  incubation  for 
the  noted  times  with  the  covalently  binding  inhibitors  pyridostigmine  (10  jiM), 
physostigmine  (1  |J.M),  heptyl  physostigmine  (0.01  pM),  and  SDZ-ENA  713  (10  pM).  The 
lines  are  best  fits  of  the  data  to  first  order  conditions.  B.  Calculated  scavenging  capacity 
consumed  bv  each  enzvme  for  the  4  carbamate  inhibitors.  Calculations  were  based  on  the 
data  of  Fig.  lA  and  the  average  specific  activity  of  the  different  enzymes.  Inactivated 
enzyme  is  expressed  as  units  of  activity  per  volume  lost  during  incubation.  The  concentration 
of  enzyme  protein  was  approximately  the  same  in  all  serum  samples.  A,  normal,  Asp70, 
BuChE  homozygote  (D/D);  ■  "atypical",  Gly70,  homozygote  (G/G);  •,  BuChE 
heterozygote  (G/D). 

Fig.  2.  Inhibition  of  serum  and  recombinant  BuChE  by  tacrine.  In  the  left  panel,  data  for 
3  representative  serum  types  inhibited  by  tacrine:  serum  of  the  propositus,  A.B.,  a 
homozygote  for  the  "atypical",  Gly70,  BuChE  variant  (G/G);  of  a  heterozygote  for  this 
variant  (G/D);  and  of  a  normal  homozygote  with  Asp70  (D/D).  In  the  right  panel,  tacrine 
inhibition  is  observed  on  equivalent  total  amounts  of  recombinant  normal  (D/D)  and 
"atypical"  (G/G)  BuChE,  and  a  1;  1  mixture  of  the  two  (D/G). 

Fig.  3.  ChE  structures  and  tacrine  binding  .  Upper:  Three-dimensional  ribbon  structure 
of  BuChE.  The  figure  shows  several  residues  as  space-filling  models.  The  active  site  gorge 
lies  in  the  plane  of  the  figure,  with  its  opening  at  the  top.  Lower:  Residues  surrounding 
tacrine  rrHAy  The  3-dimensional  structure  of  Torpedo  AChE  crystals  soaked  with  tacrine 
(right),  is  compared  to  the  homologous  residues  of  BuChE  (left).  The  representation  of 
human  BuChE  without  and  with  tacrine  was  drawn  after  Harel  et  al.  (28,29)  using  Insight  11 
(Biosym  Technologies). 

Fig.  4.  Time-dependent  reactivation  of  recombinant  CbEs.  Spontaneous  reactivation  of 
recombinant  human  ChEs  was  examined  after  complete  inhibition  of  the  immobilized 
enzymes,  followed  by  removal  of  unreacted  inhibitor.  Values  of  percent  regained  activity  are 
shown.  The  lines  are  best  fits  to  first  order  conditions  (average  of  two  experiments). 
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TABLE  1.  Affinity  of  tacrine  for  cholinesterases;  ICjq  values  (p.M)‘ 


recombinant 

serum 

BuChE 

normal 

0.054  ±  0.036 

0.082  ±  0.009 

“atypical” 

11.4 

±  1.4 

8.9  ±  2.5 

AChE 

brain-type  (E6) 

0.15 

±0.08 

— 

blood  cell-type  (E5) 

0.15 

±0.04 

— 

TC50  values  of  tacrine  were  measured  for  recombinant  human  ChEs  and  for 
sera  in  the  presence  of  1  mM  BTCh  for  BuChE  or  1  mM  ATCh  for  AChE. 
Values  are  calculated  by  GraFit  3.0  (Erithacus  Software,  Staines,  UK). 

The  data  shown  are  averages  of  2  serum  samples  or  3  recombinant 

enzyme  samples  ±  standard  deviation. 


TABLE  2.  Rates  of  reaction  of  cholinesterases  with  carbamate  inhibitors;  second  order  rate 
constants  (M  'min  ')^. 


BuChE  AChE 

normal  *‘atvpical”  E6  E5 

pyridostigmine  (10  ^  M) 
physostigmine  (10  ®  M) 
heptyl  physostigmine  (10  *  M) 

SDZ-ENA713  (10'^  M) 


1.9  ±0.2 
380 ±  160 
11,000  ±3,000 
14  ±3 


<0.8 

26±9 
770  ±440 
0.47  ±  0.46 


22  ±9! 
ND 

1,600  ±  700 
4.3  ±  1.8 


25  ±7 
ND 

1,400  ±400 
3.3  ±  0.6 


^Pseudo  first-order  rate  constants  were  extracted  for  the  recombinant  enzymes  from  data  such 
as  those  in  Fig.  1  with  the  reagent  concentrations  in  parentheses.  Data  were  fit  to  a  first  order 
decay  model  using  the  least  squares  approach.  Averages  and  standard  deviations  of  at  least  4 
determinations  are  presented.  ND,  not  determined  because  of  the  exceedingly  fast 
reactivation  rates. 
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While  butyrylcholinesterase  (BuChE)  attenuates  the  effects  of  anti-cholinesterases  (anti- 
ChEs)  by  scavenging  them’,  the  influence  of  variant  BuChEs*  becomes  urgent  following  the 
prophylactic  use  of  the  anti-ChE,  pyridostigmine  during  the  1991  Gulf  War  in  anticipation  of 
nerve  gas  attack^  and  the  approval  of  tacrine  for  treatment  of  Alzheimer’s  disease  for 
improving  residual  cholinergic  neurotransmission'’.  Adverse  symptoms  were  reported  for 
certain  patients  in  both  groups,  but  were  difficult  for  interpretation'’’^  Here,  we  report  on  an 
Israeli  soldier,  homozygous  for  “atypical"  BuChE,  who  suffered  severe  symptoms  under 
prophylactic  pyridostigmine  dosage  during  the  Gulf  War.  His  serum  BuChE  and  recombinant 
“atypical”  BuChE  produced  in  microinjected  oocytes®  were  far  less  sensitive  than  normal 
BuChE  to  inhibition  by  several  carbamate  anti-ChEs  including  pyridostigmine,  and  reacted 
with  the  reversible  inhibitor  tacrine  with  200-fold  lower  affinity  than  normal  BuChE  or  its 
related  enzyme  acetylcholinesterase  (AChE).  Variant  BuChEs,  with  deficient  scavenging, 
may  thus  cause  adverse  responses  to  anti-ChE  therapies. 


“Atypical”  BCHE  is  the  most  common  allele  of  the  BCHE  gene  that  causes  a 
clinically  variant  phenotype.  Due  to  substitution  of  aspartate  at  position  70  by  glycine®’^,  the 
"atypical"  enzyme  is  incapable  of  hydrolyzing  succinylcholine  administered  at  surgery*'^  and 
is  much  less  sensitive  than  the  normal  enzyme  to  several  inhibitors®"^  Homozygous  carriers  of 
this  variant  allele  (under  0.04%  in  Europe  but  up  to  0.6%  in  certain  middle-Eastern 
populations’”)  suffer  post-anesthesia  apnea’  and  hypersensitivity  to  the  anti-ChE  insecticide 
parathion”.  Recently,  we  learned  of  an  individual,  A.B.,  who  had  experienced 
succinylcholine-induced  apnea  and,  during  the  Gulf  War  under  treatment  with 
pyridostigmine,  cholinergic  symptoms.  Therefore,  we  initiated  a  study  of  the  interaction  of 
ChE  inhibitors  in  clinical  use  or  testing’  with  serum  ChEs  from  members  of  this  subject’s 
family,  as  compared  to  the  enzyme  from  normal  serum  and  with  recombinantly  produced 
variant  ChEs®. 

BuChE  from  sera  of  A.B.  and  his  father,  previously  identified  as  homozygous  and 
heterozygous  carriers  of  the  "atypical"  BCHE  allele,  respectively’”,  were  compared  to  BuChE 
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from  individuals  homozygous  for  the  normal  BCHE  allele.  To  analyze  inhibitors  that 
covalently  interact  with  ChEs,  we  immobilized  native  human  BuChEs  through  monoclonal 
antibodies  to  multiwell  microtiter  plates'^.  Recombinant  Xenopus  oocyte-produced  variant 
ChEs,  including  normal  and  "atypical"  BuChEs^  and  brain-  and  blood  cell-  characteristic 
AChEs*^  were  also  subjected  to  inactivation  by  anti-ChEs  and  to  subsequent  spontaneous 
reactivation’^. 

Normal  BuChE  hydrolyzed  81  ±  23  nmol  butyrylthiocholine  (BTCh)/hr/,ul  serum 
(assayed  at  2  mM  substrate,  an  average  from  20  individuals).  The  activity  of  "atypical" 
BuChE  was  found  to  be  about  3-fold  lower  in  A.B.’s  serum,  prepared  in  1994,  which 
contained  a  normal  amount  of  enzyme  protein  (approx.  20  ng/pl).  This  was  seen  also  for 
recombinant  "atypical"  and  normal  BuChEs^  Heterozygotes  presented  intermediate  specific 
activities,  60-70%  of  the  values  determined  for  normal  homozygotes  (average  of  3  genotyped 
individuals).  Inactivation  measurements  demonstrated  that  "atypical"  BuChE  reacts  much 
slower  than  does  its  normal  counterpart  with  four  carbamates,  pyridostigmine^ 
physostigmine’'*,  heptyl  physostigmine'^  and  SDZ-ENA  713‘®  (Table  lA).  Moreover, 
inactivation  rate  differences  were  also  evident  between  the  heterozygous  enzyme  and  that  of 
homozygous  normal  sera  (Fig.  lA).  The  loss  and  rate  of  loss  of  BuChE  activity,  thus,  depend 
significantly  on  the  individual's  genotype,  and  reveal  drastically  lower  scavenging  capacities 
for  each  of  the  tested  drugs  in  sera  of  individuals  with  the  "atypical"  as  compared  to  the 
normal  alleles. 

Dose-dependent  inhibition  by  the  reversible  Alzhiemer’s  disease  drug  tacrine"’  was 
examined  for  native  and  recombinant  Xenopus  oocyte-produced  normal  and  "atypical" 
monomeric  BuChE  (Table  IB).  To  mimic  the  heterozygous  state,  we  tested  1:1  mixtures  of 
oocyte  homogenates,  expressing  recombinant  normal  and  “atypical”  enzyme  (approximately 
equal  amounts  of  the  ChEs)  (Fig.  IB).  In  both  cases,  we  observed  a  drastic  reduction  in  the 
capacity  of  "atypical"  BuChE,  as  compared  with  the  normal  enzyme,  to  interact  with  tacrine. 
The  heterozygous  conditions  yielded  the  expected  intermediary  inhibition  curves  (Fig.  IB). 
The  oocyte-produced  enzyme  remains  primarily  monomeric”.  Therefore,  the  different 
scavenging  capacities  of  BuChE  variants  depend  exclusively  upon  the  genotype  of  the 
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individual,  as  multisubunit  assembly  or  competition  between  the  two  types  of  enzyme 
subunits,  do  not  occur  in  oocytes  and  could  not  affect  tacrine  interactions.  Analysis  of  the 
relevant  site  in  the  enzyme’s  three-dimensional  structure*’,  further  revealed  that  the  distance 
from  the  Asp70  carboxyl  group  to  the  tacrine  anilinic  nitrogen  in  BuChE  is  only  5.2  A, 
indicating  the  possibility  of  a  salt  bridge  (Fig.  2).  This  interaction  is  removed  in  "atypical" 
BuChE,  reflected  in  a  two  orders  of  magnitude  increase  in  tacrine's  IC50. 

In  addition  to  inactivation  and  removal  rates  and  to  general  hemodynamic  parameters, 
the  dynamic  level  of  drug  concentrations  in  a  patient's  serum  depends  on  the  rate  of 
reactivation  of  drug-enzyme  complexes.  The  reactivation  rates  of  AChE  and  BuChE  differed 
for  several  drugs,  with  the  decreasing  order  SDZ-ENA  713,  heptyl  physostigmine, 
pyridostigmine  and  physostigmine  (Table  IC).  This  is  in  agreement  with  the  short  therapeutic 
half-life  of  physostigmine and  the  long  half  life  of  SDZ-ENA  713‘®.  However,  for  no  drug 
was  there  a  dramatic  difference  between  the  blood  and  brain  forms  of  AChE  or  between 
normal  and  "atypical"  BuChE  (Table  IC),  which  indicates  that  the  differential  drug  responses 
of  “atypical”  BuChE  occur  at  the  initial  scavenging  step. 

The  possibility  that  anti-ChE  therapies  may  cause  adverse  reactions  in  individuals 
with  variant  BCHE  genotypes,  inferred  by  Valentino  et  al,  in  their  studies  of  charged  anti- 
ChEs*®,  becomes  a  pertinent  issue  in  view  of  the  administration  of  pyridostigmine  bromide  to 
over  400,000  Gulf  War  soldiers.  This  was  probably  the  largest  scale  ever  use  of  an 
investigational  prophylactic  drug,  approved  because  of  the  anticipated  exposure  of  those 
soldiers  to  nerve  agents^  Clinical  studies  with  pyridostigmine  showed  no  adverse  effects  in 
volunteers,  yet  had  been  limited  to  small  numbers  of  healthy  males  and  to  only  several  days 
exposure^  Also,  war  conditions  included  concurrent  exposure  to  insecticides,  chiefly 
organophosphorus  anti-ChEs*^,  which  further  increased  the  level  of  ChE  inhibition  in  these 
soldiers  to  an  unknown  extent.  In  homozygotes  and  possibly  in  heterozygous  carriers  of  the 
"atypical"  BCHE  allele,  the  lower  capacity  of  blood  BuChE  to  interact  with  and  detoxify 
some  of  the  drug  should  result  in  larger  effective  doses.  "Atypical"  homozygotes  with 
practically  none  of  the  normal  protective  detoxifier,  would  hence  become  most  vulnerable  to 
AChE  inhibition  under  treatment  by  any  anti-ChE  drug. 
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Several  Alzheimer's  disease  drugs  emerged  in  this  study  as  much  faster  inactivators  of 
BuChE  than  of  AChE,  suggesting  that  when  administered  to  patients,  these  drugs  will  interact 
primarily  with  plasma  BuChE.  The  clinically  effective  dose  reaching  the  central  nervous 
system  depends  heavily,  therefore,  on  the  BCHE  genotype.  Even  without  the  complication  of 
BCHE  polymorphism,  BuChE  levels  can  vary  with  the  general  state  of  health".  Since 
Alzheimer's  disease  patients  are  far  from  being  as  healthy  as  the  pyridostigmine-treated 
soldiers,  they  may  present  yet  more  drastic  symptoms  in  response  to  inappropriate  dosage  of 
anti-ChEs.  Significant  differences  are  to  be  expected  in  homozygous  "atypical”s  and  less  so 
in  heterozygotes,  due  to  the  over  10-fold  differences  in  the  inactivation  rates  by  these  drugs  of 
normal  and  "atypical"  BuChE.  Tacrine,  in  particular,  reacts  with  "atypical"  BuChE  so  much 
more  weakly  than  with  its  normal  counterpart  that  the  "atypical"  enzyme  becomes  a 
negligible  factor  in  attenuating  its  interaction  with  AChE.  The  reported  high  percentage  of 
cholinergic  symptoms  under  tacrine  treatment  (up  to  15%'*)  may  perhaps  reflect  BCHE 
heterozygotes  and,  in  addition,  patients  with  liver  malfunction  and  consequently  with  low 
serum  BuChE  levels. 

In  addition  to  short-term  effects,  our  findings  may  anticipate  long-term  adverse 
consequences  of  treatment  with  either  type  of  anti-ChE  in  carriers  of  the  "atypical"  BCHE 
genotype.  Such  consequences  may  be  associated  with  the  Gulf  War  syndrome  on  one  hand^” 
or  with  tacrine’s  hepatotoxicity  on  the  other'^.  These  predictions  can  be  tested  by 
genotype/phenotype  tests  for  "atypical"  BCHE/BuChE^’®’‘°.  If,  indeed,  the  genotype  of 
patients  determines  their  response  to  anti-ChEs,  as  we  predict  based  on  the  above 
experiments,  the  incidence  of  the  "atypical"  BCHE  allele  should  be  significantly  higher 
among  Alzheimer's  disease  patients  with  adverse  short-  and/or  long-term  reactions  to  tacrine 
and  among  veterans  who  experienced  cholinergic  effects  and  those  who  suffer  from  the  Gulf 
War  syndrome.  Should  this  be  the  case,  appropriate  dosages  of  these  drugs  might  be  adjusted 
to  match  specific  genotypes,  for  the  purpose  of  avoiding  these  adverse  responses. 
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Methodology 

All  procedures  followed  were  in  accord  with  the  Helsinki  Declaration  as  revised  in 
1983  and  with  local  Institutional  guidelines  for  the  care  and  use  of  laboratory  animals. 

Patients  and  methods:  A.B.  (name  and  details  in  hospital  Medical  Records),  bom  in  1970, 
suffered  an  incident  of  post-anesthesia  apnea  in  1989.  Anesthesia  was  induced  by  Na 
pentothal  (250  mg)  and  succinylcholine  (75  mg)  and  benzodiazepam  (5  mg),  petidine  (50 
mg),  beatryl  (0.1  mg)  and  atropine  (0.5  mg)  were  administered.  Mechanical  respiration  was 
continued  for  5  hr  due  to  failure  to  breathe  spontaneously  after  30  min  of  surgery  (closed 
reduction  of  bilateral  tibial  fractures).  During  this  period  the  electrocardiogram  and  pulse 
remained  normal,  mean  blood  pressure  was  130:80  and  blood  glucose,  urea,  Na  and  K  values 
were  normal.  Hemoglobin  count  was  12  g/dl,  with  slight  leukocytosis  prior  to  surgery  (14,000 
cells/dl),  yet  with  normal  temperature.  One  day  after  surgery,  the  BuChE  dibucaine  number® 
was  determined  to  be  23%  of  normal.  A.B.  was  released  following  9  days  of  uneventful 
hospitalization.  We  then  found  his  serum  BuChE  to  have  approximately  30%  of  normal 
capacity  for  BTCh  hydrolysis  and  no  capacity  for  binding  succinylcholine,  suggesting  that  it 
was  the  "atypical"  enzyme^’’.  A.B.  was  diagnosed  as  being  homozygous  for  the  "atypical" 
allele,  but  not  a  carrier  of  other  frequent  point  mutations  of  BuChE  by  PCR  amplification, 
SauIlIA  restriction  and  direct  sequencing  of  the  corresponding  region  from  the  BCHE  gene 
isolated  from  his  venous  blood  DNA  by  established  techniques'®.  The  same  methods  revealed 
that  both  his  parents  and  his  sister  were  heterozygous  carriers  of  the  "atypical"  BCHE  allele. 
The  patient  was  advised  to  avoid  anti-ChE  drugs  or  insecticides.  A.B.  served  in  the  Israel 
Defense  Forces  in  1991,  during  the  period  of  the  Gulf  War  and,  with  others,  thrice  daily 
received  30  mg  prophylactic  doses  of  pyridostigmine.  He  developed  nausea,  insomnia,  weight 
loss,  and  general  fatigue,  which  worsened  consistently,  and  a  deep  depression.  Following 
discontinuation  of  pyridostigmine,  his  condition  improved  gradually  over  the  following 
weeks.  A.B.  is  currently  without  symptoms. 

Variant  enzymes:  Serum  BuChE  activity  against  BTCh  was  measured  spectrophotometrically 
as  detailed  previously®.  Recombinant  normal  and  "atypical"  BuChEs  were  produced  in 
Xenopus  oocytes  microinjected  with  in  vitro-transcribed  BCHEmRNAs  prepared  from  the 
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corresponding  cDNA  types*.  Alternative  recombinant  AChEs  were  produced  in  ACHEDNA- 
injected  oocytes  under  control  of  the  cytomegalovirus  (CMV)  promoter,  using  either  the 
brain-characteristic  3'-exon  6’^  or  the  blood  cell-expressed  domain  composed  of  the  fourth 
pseudo-intron  and  the  3'-exon  5‘\ 

Inhibitors:  Tacrine  and  physostigmine  were  purchased  from  Sigma  Chemical  Co.  (St.  Louis, 
MO).  SDZ-ENA  713  and  heptyl  physostigmine  were  gifts  of  Sandoz  (Bern,  Switzerland)  and 
Merck  Sharp  &  Dohme  (Harlow,  U.K.),  respectively.  Pyridostigmine  bromide  was  from 
Research  Biochemicals  International  (Natik,  MA). 

Antibody  immobilization’s:  Monoclonal  mouse  anti-human  serum  BuChE  (no.  53-4)  or  anti¬ 
human  AChE  (no.  101-1)  antibodies,  4  |ig/ml,  were  adsorbed  to  multiwell  microtiter  plates 
overnight  at  4  °C  in  carbonate  buffer'^.  Free  binding  sites  were  blocked  with  PBS-T  buffer 
(144  mM  Na  chloride,  20  mM  Na  phosphate,  pH  7.4,  0.05%  Tween  20,  and  0.01% 
thimerosal)  for  60  to  80  min  at  37  °C.  Homogenates  of  microinjected  oocytes  or  serum 
samples  were  diluted  1:20  to  1:40  in  PBS-T  to  achieve  similar  activity  levels  and  were 
incubated  in  the  antibody-coated  wells  for  4  hr  at  room  temperature  with  agitation,  and 
overnight  at  4  °C.  Plates  were  washed  3  times  with  PBS-T  prior  to  use. 

Inactivation  and  reactivation  measurements:  IC5Q  values  were  determined  essentially  as 

described*,  assaying  soluble  enzyme  in  the  presence  of  tacrine  against  1  mM 
acetylthiocholine.  For  inactivation  by  carbamates  and  reactivation,  antibody-immobilized 
enzymes  were  exposed  to  the  tested  anti-ChEs  in  PBS-T  buffer  for  varying  times  (0.5  to  80 
min)  at  room  temperature  following  an  initial  determination  of  catalytic  activities.  At  the 
noted  times,  plates  were  washed  3  times  with  PBS-T  and  remaining  substrate  hydrolysis  rates 
were  determined'^  Spontaneous  reactivation  at  room  temperature  was  measured  for 
immobilized  recombinant  ChEs  following  complete  inhibition,  3  washes  with  PBS-T, 
subsequent  incubation  and  activity  determination  at  30  min. 

Specific  activity:  These  values  were  determined  as  detailed  elsewhere'^. 
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Legends  For  Figures 

Fig.  1.  Inhibition  of  BuChE  variants  by  anti-ChEs. 

A.  Differential  inactivation  kinetics  of  variant  Human  sera  BuChEs  with  carbamate 
inhibitors.  Percent  original  activity  as  a  function  of  time  of  exposure  to  4  carbamates  is 
presented  for  a  representative  experiment.  Activities  of  immobilized  ChEs  were  determined 
in  10  mM  BTCh  following  incubation  for  the  noted  times  with  the  covalently  binding 
inhibitors  pyridostigmine  (10  pM),  physostigmine  (1  pM),  heptyl  physostigmine  (0.01  pM), 
and  SDZ-ENA  713  (10  pM).  The  lines  are  best  fits  of  the  data  to  first  order  conditions.  A, 
normal,  Asp70,  BuChE  homozygote  (D/D);  ■  "atypical",  Gly70,  homozygote  (G/G);  •, 
BuChE  heterozygote  (G/D). 

B.  Inhibition  of  serum  and  recombinant  BuChE  by  tacrine.  In  the  left  panel,  data  for  3 
representative  serum  types  inhibited  by  tacrine:  serum  of  the  propositus,  A.B.,  a  homozygote 
for  the  "atypical",  Gly70,  BuChE  variant  (G/G);  of  his  father,  a  heterozygote  for  this  variant 
(G/D);  and  of  a  normal  homozygote  with  Asp70  (D/D).  In  the  right  panel,  tacrine  inhibition  is 
observed  on  equivalent  total  amounts  of  recombinant  normal  (D/D)  and  "atypical"  (G/G) 
BuChE,  and  a  1:1  mixture  of  the  two  (D/G). 

Fig.2.  ChE  structure  and  tacrine  binding  .  Upper:  Three-dimensional  ribbon  structure  of 
BuChE.  The  figure  highlights  several  amino  acid  residues  in  space-filling  models  after  Harel 
et  al.  (17,  20),  using  Insight  n  (Biosym  Technologies,  San  Diego  CA).  The  active  site  gorge 
lies  in  the  plane  of  the  figure,  with  its  opening  at  the  top.  Lower;  Residues  surrounding 
tacrine  fTHAl.  The  3-dimensional  structure  of  Torpedo  AChE  crystals  soaked  with  tacrine 
(right),  is  compared  to  the  homologous  residues  of  BuChE  (left). 


11 


Table  I.  Deficient  interaction  of  “atypical”  butyrylcholinesterase  with  various 

inhibitors 

BuChE  AChE 

normal  “atypical”  brain-type  (E6)  blood  cell-type  (E5) 

A:  second  order  inactivation  rate 

constants  (M  ^min  V 

pyridostigmine  1.9  ±0.2  <0.8  22  ±9  25  +7 

(10^  M) 

physostigmine  380  ±  160  26  ±9  ND  ND 

(10'^  M) 

heptyl  physostigmine  11000  +  3,000  770  ±440  1600  ±700  1400  ±400 

(10'*  M) 

SDZ-ENA713  14  ±3  0.47  ±0.46  4.3  ±1.8  3.3  ±0.6 

(10-^  M) 

B:  IC^  values 

tacrine  0.054  ±0.036  11.4  ±1.4  0.15  ±0.08  0.15  ±0.04 

(recombinant) 

tacrine  0.082  ±  0.009  8.9  ±  2.5  -  - 

(serum) 

C:  Time  dependent  reactivation:^ 

pyridostigmine  9  8  32  24 

physostigmine  17  12  67  54 

heptyl  physostigmine  13  13  3  3 

SDZ-ENA713  2  18  4 
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Notes  for  Table  I 


^Pseudo  first-order  rate  constants  were  extracted  from  data  such  as  those  in  Fig.  1,  but  for  the 

recombinant  enzymes,  and  with  the  reagent  concentrations  indicated  in  parentheses,  and  were 
fit  to  a  first  order  decay  model  using  the  least  squares  approach.  Averages  and  standard 
deviations  of  at  least  4  determinations  are  presented.  ND,  not  determined  because  of  the 
exceedingly  fast  reactivation  rates. 

'’IC50  values  of  tacrine  were  measured  for  recombinant  human  ChEs  and  for  sera  in  the 
presence  of  1  mM  BTCh  for  BuChE  or  1  mM  acetylthiocholine  for  AChE.  Values  are 
calculated  by  GraFit  3.0  (Erithacus  Software,  Staines,  UK).  ND,  not  determined.  The  data 
shown  are  averages  and  standard  deviations  of  2  serum  samples  or  3  recombinant  enzyme 
samples. 

'Spontaneous  reactivation  of  recombinant  human  ChEs  was  examined  after  complete 
inhibition  of  the  immobilised  enzymes,  followed  by  removal  of  unreacted  inhibitor.  Values  of 
percent  regained  activity  after  30  min  are  shown  (average  of  two  experiments). 
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